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Abstract:
As green stormwater infrastructure (GI) practices become more widely implemented, it is
important to develop a full understanding of both the positive and negative ways that GI
practices may influence environmental and human health. Additionally, as climate change leads
to shifts in precipitation patterns, it is necessary to understand how the resulting changes in
stormwater runoff volume, soil moisture, and vegetation species composition will impact both
biogeochemical cycling and the production of ecosystem services and disservices. The overall
objective of this study was to compare green stormwater infrastructure practices by weighing the
tradeoffs that exist between negative impacts such as greenhouse gas production and the positive
impacts provided by ecosystem services including recreational and educational infrastructure and
opportunities, carbon sequestration and other regulating ecosystem services, and habitat
provisioning for biodiversity support. In this study, six types of GI practices were examined:
green roofs (n = 3), wet ponds (n = 2), dry ponds (n = 4), bioretention basins (n = 3), rain gardens
(n = 3), and vegetated swales (n = 3). Rates of potential production of methane (CH 4) and carbon
dioxide (CO2) greenhouse gases were measured using anaerobic soil incubations. Soil samples
were also analyzed for organic matter, moisture, and C and N content. Vegetation surveys were
used to determine percent cover and Shannon diversity (H) of all plant species and percent cover
of native, non-native, and invasive plant species. A rubric was used to assess availability of two
categories of cultural ecosystem services: recreational and educational opportunities at each site.
A comparative cradle-to-grave life cycle assessment (LCA) was conducted for evaluation of the
environmental and human health impacts associated with the materials, construction,
maintenance, operation, and end-of-life decommissioning of a selection of the GI sites included
in this study. A hypothetical situation involving one example of conventional stormwater
management infrastructure, an underground pre-cast concrete detention basin, was included in
iii

the LCA for comparison to GI practices. All measurements were highly variable between study
sites, even between sites of the same GI type. Two sites, a green roof and a vegetated swale,
exhibited significantly higher production rates for CH 4 and CO2 and contained significantly
higher organic matter and C and N content than all other sites. Linear regression results suggest
that higher rates of potential production of CH 4 and CO2 are driven by increased soil organic
matter, and to a lesser extent, by increased soil moisture. Average soil C and N were lowest for
the wet pond and bioretention basin GI categories and highest in the green roofs, and soil C and
N were both correlated with production rates of CH 4 and CO2 gases. LCA results indicate that for
most sites, the majority of total life cycle negative environmental impacts were caused during the
construction and decommissioning phases. One green roof had much higher impacts compared to
the other sites and the highest global warming impacts. When compared to all GI types included
in this study, vegetated swales had the highest vegetation species diversity, the highest potential
for providing cultural ecosystem services, the highest % carbon content, only moderate potential
production rates of CH4 and CO2, and low total lifecycle impacts as measured by the LCA.
Although there were tradeoffs for all GI types and despite variations between individual sites;
when considering all factors, vegetated swales were the GI type which provided the highest ratio
of benefits to negative impacts.
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Chapter 1: Introduction

1.1: The Problem – Management of Urban Stormwater Runoff
1.1 a: Urbanization Increases Stormwater Runoff
By the year 2007, the population of humans living in urban areas surpassed the
population of those living in rural areas. By 2018, 55% of humans were living in urban areas and
this percentage is expected to increase with 68% of the world’s population living in cities by the
year 2050 (United Nations, 2019). The construction and maintenance of additional infrastructure
is necessary for accommodating the needs of increasingly dense urban populations and of
expanding suburban areas around cities. Much of this infrastructure, such as large buildings with
flat rooftops, asphalt and concrete parking lots and roadways, and residential lawns and parks
with impermeable compacted soils; transforms previously permeable land into areas that are no
longer pervious to falling or melting stormwater, leading to increased volumes of stormwater
runoff from these surfaces. Increased imperviousness and other major land transformations
precipitated by rising urbanization are known to have substantial and often harmful impacts on
local ecological and hydrological systems (Fletcher et al., 2013; McGrane, 2016).
1.1 b: Environmental and Human Health Impacts of Polluted Stormwater Runoff
Many studies have examined the relationship between impervious surface expansion and
stormwater runoff levels and many others have assessed environmental and human health
impacts associated with elevated volumes of stormwater runoff. As stormwater runoff flows
across a landscape, nonpoint pollutants from many sources are gathered and carried with the
runoff until eventually reaching surface waters. Urban stormwater runoff significantly impacts
the flow patterns and health of urban streams and rivers (Walsh et al., 2012). The widespread
trend of water quality degradation that is observed in waterbodies receiving runoff and drainage
1

from urban areas is often called urban stream syndrome (Walsh et al., 2005). In a comparative
study of the water quality of urban, suburban, and rural streams; increased impervious watershed
cover and increased urban development were linked to increased incidence of indicators of poor
water quality (Mallin et al., 2009). Of the three streams, the urban stream contained the highest
levels of fecal coliform bacteria, orthophosphate nutrient pollution, surfactants, and total
suspended sediments (Mallin et al., 2009). Additionally, the most urban stream exhibited the
greatest biochemical oxygen demand indicating the probable development of hypoxic conditions
leading to reduced levels of dissolved oxygen available to aquatic organisms (Mallin et al.,
2009).
High concentrations of nutrient and organic matter pollution, long understood to be
commonly sourced from untreated urban and agricultural runoff, can cause this high biochemical
oxygen demand (Carpenter et al., 1998). From a coastal agricultural watershed, it was reported
that overall surface water quality was most diminished near areas with the highest levels of
agricultural activity (Poudel et al., 2020). This was indicated by elevated levels of total
suspended solids, total dissolved solids, biological oxygen demand, nitrogen, phosphorus,
chloride, fluoride, and sulfate at the most agriculturally adjacent sampling points (Poudel et al.,
2020). Higher levels of three water quality measurements: nitrate and nitrite-nitrogen
concentrations, total solids, and conductivity; were significantly correlated with decreased
measurements of biodiversity including fish species richness, fish species diversity and fish
species abundance (Poudel et al., 2020). Additionally, low Shannon diversity (H’) values for
benthic invertebrate species were associated with higher biochemical oxygen demand (Poudel et
al., 2020).
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Similar trends of surface water degradation and aquatic biodiversity decline caused by
non-point pollution associated with land runoff have been recorded for many other watersheds
throughout the United States and across the world. In a study of New Zealand streams, increased
sediment levels were associated with a decline in fish species abundance and diversity prompting
concerns about preservation of native fish species in areas with increased rates of sediment
deposition (Richardson & Jowett, 2002). In a study of streams affected by runoff from dense
agricultural landscapes in Argentina, glyphosate, a commonly used agricultural herbicide, and its
metabolite were detected in groundwater, stream sediments, and surface water samples – with
negative implications for the potential of future drinking water contamination and harm to
aquatic life with further accumulation (Okada et al., 2018). Agricultural activities, especially the
application of nutrient fertilizers, are associated with the runoff of nitrogen, phosphorous, and
other nutrient pollution which contribute to eutrophication of surface waters, often leading to the
development of toxic algal blooms and decreased dissolved oxygen availability over time
(Anderson et al., 2002; Glibert et al., 2006). In a study involving the watersheds draining into
Murchison Bay of Lake Victoria, an important freshwater drinking and irrigation water source,
an increase in urban development and impervious surfaces was linked to an increase in nutrient
and metal pollution in the lake (Maruthi Sridhar et al., 2020). As impervious surface in the
watershed increased between 1995 and 2019, increased eutrophication of Murchison Bay
resulted in extensive algal blooms during this time period (Maruthi Sridhar et al., 2020).
From residential areas and parks, common sources of organic matter, nutrient, and fecal
coliform bacteria pollution of surface waters include: lawn clippings and leaves (Janke et al.,
2017; Lusk et al., 2020; Selbig, 2016), fertilizer application (Y. Y. Yang & Toor, 2016) , pet
waste (Cinquepalmi et al., 2013; Weiskel et al., 1996), and irrigation using nutrient-rich recycled
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water (Toor et al., 2017). Antibiotic water pollution is another increasingly widespread issue that
has become very relevant due to concerns about the development of antibiotic resistance. In a
study of urban rivers known to collect only stormwater runoff due to local prohibition of
wastewater discharge inputs, a relationship between population density and antibiotic
concentrations in surface waters was observed, indicating that stormwater runoff from the
surrounding urban areas is the likely source of the antibiotic pollution found in these rivers (Yi et
al., 2019). It has been found that with increased stormwater runoff volumes produced during
extreme storm events, there is an increase in both the number of bacteria containing antibiotic
resistant genes and in the concentrations of various types of antibiotics in surface waters (S. Lee
et al., 2020; S. Zhang et al., 2016). Other anthropogenic pollutants that have been found in
surface waters as a result of stormwater runoff and/or wastewater discharge include metals
(Huber et al., 2016; Järlskog et al., 2021; Ladislas et al., 2012), personal care products (Birch et
al., 2015; Tran et al., 2019), pharmaceuticals and endocrine disrupting chemicals (Topaz et al.,
2020; Tran et al., 2019), microplastics (Järlskog et al., 2021; Piñon-Colin et al., 2020; Sommer et
al., 2018), and many others – all prompting questions about the possibility of long-term negative
impacts on human and environmental health.
1.1 c: Climate Change-Induced Extreme Storm Events
With the escalation of the impacts associated with climate change, it has become
increasingly essential to identify and implement stormwater management strategies that are
adequate for responding to the currently observed and predicted future impacts on the
hydrological cycle. With rising atmospheric temperatures, it is thought that short duration, high
intensity rainfall events will occur with greater frequency (Westra et al., 2014). In these extreme
rainfall events, large volumes of rain fall very quickly over the course of several hours leading to
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an increase in the occurrence of dangerous flash flooding incidents (Westra et al., 2014), an
increase in runoff volume and peak flow frequency (Zahmatkesh et al., 2015; Zhou et al., 2019),
and an increase in pollutant loads (Nazari-Sharabian et al., 2019; Qiu et al., 2018). A seasonal
first flush phenomenon has been observed in regions that are characterized by climates with long
periods of dry weather followed by periods of rainy weather (H. Lee et al., 2004). During a long
period of little or no precipitation, pollutants are not washed away with stormwater runoff and so
they accumulate over time. With the first large storm event of the season, runoff containing
extremely high concentrations of the accumulated pollutants is flushed into receiving waters (H.
Lee et al., 2004). Climate models predict that in some regions, intense storms will be
interspersed with much longer periods of dry weather so that if stormwater runoff events are less
frequent, the longer duration of pollutant accumulation on land may contribute to higher
pollutant loads with every stormwater runoff event (Salim et al., 2019; Qiu et al., 2018).
Climate change-induced extreme storm events are also associated with increased risk of
flooding (Hettiarachchi et al., 2018). Combined sewer systems, which are commonly
implemented for collection of not only stormwater runoff, but also industrial and domestic
wastewater and sewage; usually function to transport this combination of stormwater and
wastewater to a sewage treatment plant for further treatment (Field & Struzeski, 1972). When the
holding capacity of a combined sewer system is surpassed, often during an extreme storm event,
the system is designed so that excess water overflows into nearby surface waters without
treatment (Field & Struzeski, 1972) which increases delivery of pollution to those receiving
waters causing detrimental effects for water quality (Gasperi et al., 2008; Madoux-Humery et al.,
2016; Rechenburg et al., 2006). Salerno et al. (2018) found that combined sewer overflows
(CSOs) occur more frequently in areas with more impervious surfaces and recommend
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implementation of green infrastructure as a strategy for reduction of impervious surfaces and
therefore a reduction in the frequency of CSOs.
1.1 d: Stormwater Management for Climate Resilience
It is clear that, as is recommended by many water management experts and researchers
(De Sousa et al., 2012; W. Liu et al., 2014; Salerno et al., 2018), an effort to reduce the
impervious surfaces present within a watershed, especially by the implementation of systems of
green infrastructure (GI) and of other analogous practices (such as low impact design (LIDs) and
water sensitive urban design (WSUDs)), is one possible strategy for alleviating many of these
problems. Many current infrastructure and stormwater management guidelines are largely based
on historic rainfall data which is thought to be insufficient for setting future management
standards (Lopez‐Cantu et al., 2020; Wright et al., 2019). Additionally, according to the 2021
Report Card for America’s Infrastructure, overall stormwater infrastructure across the United
States received a score of “D” in the year 2021 due both to challenges with aging stormwater
infrastructure in need of expensive updates and to the increasing rainfall and urbanization trends
which have caused a reduction in the actual capacity of many stormwater systems (American
Society of Civil Engineers, 2021). Therefore, in order to cultivate climate resilient communities
that are prepared for future climate change-driven shifts in local weather patterns, communities
will need to focus on developing new stormwater management approaches and on bolstering
current infrastructure in order to sufficiently handle projected changes and uncertain future
conditions while continuing to meet the requirements of the Clean Water Act (Hallegatte, 2009;
Lopez‐Cantu et al., 2020; Salerno et al., 2018).
To make this shift towards increased climate resiliency, many cities have pledged to
increase implementation of green infrastructure strategies during the coming decades. For
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example, between the years 2015 and 2020; the city of Seattle, Washington set the goal of
expanding the city’s use of green infrastructure (GI) for management of 400 million gallons of
stormwater runoff per year by 2020 (Seattle Public Utilities, 2015, 2020). In 2020, that goal was
expanded further to a target of management of 700 million gallons per year using GI practices by
the year 2025 (Seattle Public Utilities, 2015, 2020). In the region of Rochester, New York and
surrounding municipalities, the Stormwater Coalition of Monroe County works to
collaboratively reduce stormwater pollution through initiatives for increasing public education
and involvement, water quality monitoring, implementation of preventative strategies such as
reduced use of street salt to prevent pollution before it occurs, and enforcement of runoff control
measures (Stormwater Coalition of Monroe County, n.d.); and many stormwater coalitions with
similar objectives exist across the United States.
In response to rising urbanization and frequent annual flooding in urban areas, China has
established a country-wide initiative known as Sponge City for management of stormwater
runoff through introduction of green infrastructure practices that, as the name suggests, act as
sponges to increase stormwater absorption and infiltration (Griffiths et al., 2020). By the year
2030, China aims to make sponge city concepts standard practice for urban planning with the
goal of ensuring that 70% of rainfall is able to be recycled by the stormwater infrastructure
systems of at least 80% of all Chinese municipalities (Griffiths et al., 2020). In a suburb of
Malmö, Sweden, when the time came to update the aging combined sewer system, it was decided
that the stormwater management system would be separated from the sewage treatment system
to be treated exclusively using a city-wide sequence of green infrastructure practices including
green roofs, vegetated swales and channels, wet ponds, and wetlands (Villarreal et al., 2004).
This new system of green infrastructure practices was found to effectively fulfill the stormwater
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management needs of the area and to also dramatically reduce the strain on the combined sewer
system (Villarreal et al., 2004).

1.2: The Solution – Green Infrastructure for Stormwater Management
A wide range of stormwater management infrastructure design strategies fall under the
umbrella of green infrastructure. Overall, traditional modes of stormwater management (“gray
infrastructure”) such as underground storm sewers are designed with the goal of conveying
stormwater away from the source to be treated elsewhere or to simply be discharged, untreated,
into receiving waters. While historically, gray infrastructure systems have been effectively used
for diverting stormwater runoff away for management of runoff volume and flooding reduction,
scenarios such as combined sewer overflows show that these systems are not always so effective
at consistently ensuring that stormwater runoff is treated before delivery into surface waters. In
contrast, green infrastructure practices are designed to imitate and utilize natural processes for
management and treatment of stormwater runoff right at the source. Generally, green
infrastructure practices use at least one, or some combination, of five main management
approaches: retention, detention, filtration, infiltration, and pretreatment (Massachusetts
Department of Environmental Protection [MA DEP], 1997). Each green infrastructure option
offers a unique set of advantages and challenges.
Dry detention basins and dry extended detention basins, also known as dry ponds, are
constructed to hold surface stormwater runoff for short periods until collected runoff can be
slowly released at a controlled rate in order to decrease risk of flooding and erosion (Sinha et al.,
2018). Since dry extended detention basins are meant to hold the runoff for longer periods of
time than unmodified dry detention basins; in addition to quantity control, extended detention
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basins can provide the extra functionality of runoff quality control by allowing suspended solids
and particulate pollutants to settle to the bottom of the pond during this time, causing these
pollutants to be excluded from the runoff outflow (MA DEP, 1997). Additionally, dry pond
outflow drainage can be retrofitted with filtration systems for further pollution removal (Sinha et
al., 2018). Similarly, blue roofs are installed as a stormwater detention practice for control of
runoff quantity from rooftops which are impervious surfaces. Unlike green roofs, blue roof
systems are non-vegetated and use a system of weirs to control water flow across the roof,
creating temporary pools of water which can then be more slowly released in order to reduce
flooding risks during extreme rainfall events (Shafique, Lee, et al., 2016). Blue roofs are also
sometimes combined with a second stormwater management practice for further treatment or
management of rooftop stormwater runoff. For example, a green infrastructure practice like a
rain garden or vegetated swale can be constructed near the downspout of the roof so that water is
diverted into the second GI practice for filtration, treatment, and/or groundwater infiltration; or
blue roofs can be connected to a rainwater harvesting system (Shafique, Lee, et al., 2016). In
addition to effective control of stormwater runoff volume, blue roofs also provide other
ecosystem services. When combined with rainwater harvesting systems, blue roof water can be
recycled for use in the building below for purposes such as flushing of toilets and for outdoor
landscaping irrigation (Sample & Liu, 2014). Especially when light colored roofing construction
materials are chosen or when blue roof areas are combined with areas of vegetated green roof
(the ‘green-blue roof’ strategy), the installation of blue roofs can reduce the temperature of the
building below, helping to decrease air conditioning expenses and overall energy use (Shafique,
Kim, et al., 2016).
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Green roofs have a similar cooling effect to blue roofs, but due to the vegetation and soil
media, green roofs have the additional advantage of promoting filtration and evapotranspiration
processes which can allow for treatment of runoff quality (Vijayaraghavan & Joshi, 2014),
improvement of urban air quality by filtering of particulate pollution (Speak et al., 2012), and
runoff detention and volume control (Palla et al., 2011). However, green roof design choices
have been found to be very influential in determining if green roofs will be a source or sink for
nutrients and other pollutants and must be taken into consideration to ensure that green roofs will
effectively manage runoff quality in addition to quantity. Several studies have found that green
roofs with deeper extensive soil areas (W. Liu et al., 2019) and green roofs which are maintained
using nutrient fertilizers and irrigation (Berndtsson et al., 2006) produce runoff with higher
pollutant concentrations.
Rain gardens and bioretention basins use similar design strategies to accomplish
stormwater management outcomes. Typically, a rain garden is constructed as a slightly depressed
basin with steeply sloped sides for water retention, with layers of soil and drainage media, and
with vegetation that is carefully chosen to meet functional and aesthetic requirements (NYS
DEC, 2015b). Occasionally rain gardens will contain an underdrain, but they are usually
designed to passively manage stormwater through retention of runoff until it can be dispersed
and treated through filtering, groundwater infiltration, and evapotranspiration (NYS DEC,
2015b). Bioretention basins are usually larger than rain gardens, are sometimes paired with a pretreatment forebay or swale, and are constructed with more extensive underdrain systems for
returning excess filtered stormwater to the connected storm drainage system (NYS DEC, 2015b).
It has been found that when rain gardens include a saturated zone for promotion of
denitrification, they can significantly reduce concentrations of nitrite + nitrate-N, ammonia-N,
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and total-N from runoff through retention but that when an underdrain is used, some pollutants
are washed out and lost through the underdrain (Dietz & Clausen, 2006). Rain gardens and
bioretention basins have been shown to be effective in filtering many other pollutants including
microplastics (Gilbreath et al., 2019; Smyth et al., 2021), suspended sediment concentrations and
polychlorinated biphenyls (Gilbreath et al., 2019), and heavy metals such as lead, copper and
zinc (Davis et al., 2003); among others.
Vegetated swales are open vegetated drainage channels or ditches which are constructed
mainly for the purpose of reduction of runoff volume and peak discharge (NYS DEC, 2015a).
Vegetated swales help to increase the time of concentration and to slow down stormwater as it
passes through the landscape, allowing for longer time periods of infiltration and
evapotranspiration and less of the soil erosion which would be caused by higher velocity flows
(NYS DEC, 2015b). Swales are usually planted with a turfgrass mix which is easily maintained
through mowing or with plants which are selected for flooding tolerance, maximizing nutrient
uptake function, and for ease of gardening maintenance (Leroy et al., 2016; NYS DEC, 2015b).
Vegetated swales have been found to very effectively decrease runoff pollution of pollutants
such as polycyclic aromatic hydrocarbons and trace toxic elements, especially when planted with
macrophytes rather than grasses, perhaps due to greater root depths of the larger plants (Leroy et
al., 2016). Vegetated swales are also valuable for their ability to sequester carbon (Bouchard et
al., 2013) and to decrease sediment and suspended solid pollution by allowing for increased
sediment deposition (Abu-Zreig et al., 2004; Stagge et al., 2012).
Wet retention ponds are designed for management of both stormwater quantity and
quality (NYS DEC, 2015a). Wet ponds provide permanent retention of stormwater, are often
retrofitted with pretreatment forebays, and are planted with emergent aquatic plants and so allow
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for both storage of runoff and for quality treatment by infiltration and by pollutant removal
processes such as sediment deposition, sorption, and biological uptake (NYS DEC, 2015c;
Schwartz et al., 2017). Wet ponds have proven to be successful in reducing phosphorus, nitrogen
and suspended sediment pollution, especially when the ponds are renovated to improve water
quality treatment potential (Schwartz et al., 2017). According to NYS stormwater design
standards, aquatic macrophytes must be established along the aquatic bench zone of a stormwater
wet pond (NYS DEC, 2015c), and plant species should be chosen based on their ability to
provide phytoremediation for removal of heavy metals and other toxins (Ali et al., 2020).
Similarly, the vegetation species common to constructed stormwater wetlands can assist with
pollutant removal from incoming stormwater runoff through phytoremediation (Weiss et al.,
2006). Constructed stormwater wetlands are designed to emulate the characteristics of natural
wetlands in order to improve water quality and quantity through processes including filtration,
sediment deposition and burying, microbial transformation, and plant uptake of nutrients and
pollutants along with many other functions and ecosystem services (US EPA, n.d.). Constructed
stormwater wetlands are especially useful for removing suspended solids and nutrients due to
factors such as densely packed vegetation allowing for higher levels of plant uptake and long
stormwater retention times allowing for more time for sediments to settle (B. M. Wadzuk et al.,
2010). The results of one study suggest that when compared to stormwater wet ponds,
constructed stormwater wetlands are better able to reduce concentrations of several types of
bacteria from incoming stormwater (Davies & Bavor, 2000).
Permeable pavement systems, including permeable pavers and porous asphalt, can be
implemented in the place of traditional asphalt or concrete paving methods to increase
permeability of paved areas such as parking lots, low traffic roads, residential driveways, patios,
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sidewalks, and town square areas (NYS DEC, 2007). Permeable pavement systems (PPS) are
designed to increase stormwater infiltration to allow for runoff drainage and volume control as
well as some pollutant filtration. PPS are also sometimes designed to include an underdrain
system for drainage of infiltrated runoff into the stormwater system (NYS DEC, 2007). PPS can
be a very useful for runoff management and for reducing impervious surface cover within a
watershed, but they do have several notable limitations. The pore spaces within porous pavement
can be easily clogged with sediment buildup causing a decline in the system’s infiltration
capacity over time; however, more intense rainfall events can lessen clogging by flushing
sediments through the system more easily (Q. Yang et al., 2019) and quarterly vacuum sweeping
of the pavement each year can remove sediment buildup (NYS DEC, 2007). In cold climates
where sand and rock salt are often used in the winter for providing traction and melting ice, due
to the potential for clogging and loss of function, sand application to permeable pavement
systems is not recommended (NYS DEC, 2007). It is also recommended that rock salt be used
sparingly on PPS due to the negative environmental effects of chloride that is released from these
systems after rock salt applications (Borst & Brown, 2014). Finally, it should be noted that PPS
are usually only designed to accommodate storms producing at most one inch of runoff which,
with improper design, could cause issues with ponding or with sheet flow runoff from the paved
area (NYS DEC, 2007).

1.3 Green Infrastructure Practices Provide Many Ecosystem Services
Green infrastructure practices are designed for the purpose of providing stormwater
runoff volume reduction and oftentimes for improving runoff water quality, but many additional
ecosystem services that may be provided by these practices have been identified. Moore and
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Hunt (2012) identified four main categories of ecosystem services that they felt were particularly
applicable to stormwater ponds and constructed stormwater wetlands; namely regulated services,
provisioning services, cultural services, and biodiversity services. Ecosystem services are
processes or commodities which exist within or are produced by ecosystems and which are
judged to provide some benefit to the humans who interact with those ecosystems (Costanza,
2020). Moore and Hunt’s (2012) four-category framework for assessing ecosystem services of
stormwater wet ponds and wetlands is represented in Figure 1 below.

Figure 1. Overview of Ecosystem Services Commonly Provided by Constructed Stormwater
Wet Ponds and Wetlands. Adapted from Moore & Hunt (2012)
1.3 a: Regulating Services
Although Moore & Hunt (2012) applied these four categories specifically to their
evaluation of stormwater ponds and wetlands, many of these ecosystem services are also known
14

to be provided by other green infrastructure practices. According to de Groot (2006), regulating
ecosystem services are the services and goods that are provided as a result of the functions that
are necessary for maintaining ecological processes and cycles in natural and semi-natural
ecosystems. Based on the definition and examples provided by de Groot (2006), Moore & Hunt
(2012) further identified the five most relevant regulating service categories that may be
provided by stormwater green infrastructure ecosystems to be: (1) hydrologic regulation (e.g.,
flooding control, volume and peak runoff rate control, groundwater recharge), (2) water quality,
(3) greenhouse gas regulation (e.g., carbon sequestration), (4) air quality, and (5) microclimate
regulation (e.g., through evapotranspiration or increased shade). As is noted by Moore & Hunt
(2012), the degree to which an ecosystem is able to provide regulating services influences the
extent and quality of almost all other services and functions that may be provided by the
ecosystem. For instance, water quality improvement and microclimate regulation may positively
impact the biodiversity within a site by providing a more hospitable habitat for a wider range of
species.
In the face of the combined effects of expanding impervious surfaces and of increasingly
frequent extreme storm events, hydrologic regulation of stormwater runoff is often one of the
main motivations for implementation of a new green infrastructure practice. Many studies point
towards the hydrologic advantages of choosing green infrastructure. For example, Woznicki et
al. (2018) found that roadside vegetated swales more successfully delayed runoff release and
reduced total and peak stormwater runoff when compared to gray curb-and-gutter infrastructure.
Overall, retrofitting existing systems with green infrastructure systems has been shown to
significantly reduce peak flows and total runoff volume from storm events, often providing the
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additional benefit of diverting runoff away from and lessening the strain on downstream gray
infrastructure (Haghighatafshar et al., 2018; Jarden et al., 2016; Shakya et al., 2019).
As discussed in Section 1.2, through many mechanisms, green infrastructure practices
also provide extensive water quality regulation services. Nonpoint source pollution is transported
by stormwater runoff to surface waters where it then causes a decline in water quality. By
slowing the flow of stormwater runoff and increasing soil infiltration, practices such as rain
gardens (Sharma & Malaviya, 2021; B. Wadzuk et al., 2020), dry detention ponds (Wissler et al.,
2020), bioretention basins (L. McPhillips et al., 2018) and vegetated swales (L. E. McPhillips et
al., 2016) all have the capacity to significantly decrease concentrations of nitrogen and
phosphorous, total suspended solids, heavy metals, and many other common stormwater
pollutants. The vegetation of green infrastructure practices also plays a large role in removal of
heavy metals (Vymazal & Březinová, 2016; Weiss et al., 2006) and nutrient pollutants (Z. Zhang
et al., 2011; Zinger et al., 2021) and in providing water quality improvement. For instance, in a
study of retention basins (i.e., wet ponds) and constructed stormwater wetlands, removal of
submerged aquatic macrophytes led directly to a decline in water quality and to a shift to
cyanobacteria dominance (Badiou et al., 2019). Long-term retention of stormwater by practices
such as bioretention basins with submerged zones and by wet stormwater retention ponds can
allow enough time for pollutants, suspended sediments, and debris to sink to the bottom of the
basin or pond where they may then be buried and removed from runoff by processes such as
adsorption of pollutants by pond sediments (F. Liu et al., 2019; Nayeb Yazdi et al., 2021).
The climate regulating service provided by green stormwater infrastructure has proven to
be a potential solution in combatting the phenomenon of the ‘Urban Heat Island,’ which is
largely driven by increased urbanization, urban heat-producing activities and conversion of
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natural land cover to impervious surfaces (Marando et al., 2019). Various green infrastructure
practices (Emmanuel & Loconsole, 2015) such as urban trees and urban forests (Marando et al.,
2019; Tiwari et al., 2021), green roofs (Li et al., 2014; Tiwari et al., 2021; XiaoSheng et al.,
2012), and bioretention cells (Long & Dymond, 2014), have the capacity to deliver a cooling
effect both at the surface level and in ambient air, and also to reduce thermal pollution by
stormwater runoff to nearby waterbodies. With the incorporation of vegetation selected for air
pollutant removal capabilities, green stormwater infrastructure has also been shown to reduce air
pollution, especially when placed alongside urban streets where traffic emissions are most
concentrated (Shaneyfelt et al., 2017; Yin et al., 2007). Rooftop surfaces make up a large
proportion of impervious surfaces in urban areas, and for this reason, green roofs (especially
intensive roofs planted with shrubs and herbaceous plants) have been proposed to be particularly
useful in reducing urban air pollution (Currie & Bass, 2008; Gourdji, 2018; J. Yang et al., 2008).
Finally, although green stormwater infrastructure systems do have the potential to emit
CH4 and other greenhouse gases, under the right conditions they are also able to provide
greenhouse gas regulation services by promoting carbon sequestration via uptake of atmospheric
CO2 by site vegetation. The existing research surrounding greenhouse gas regulating services of
green stormwater infrastructure will be more fully discussed in Section 1.4 and will also be
examined in the current study.
1.3 b: Provisioning Services
The potential for the generation of provisioning services from green infrastructure
practices has interesting implications for how practices can be designed and integrated into urban
communities as a shared source of edible and useful plants. For instance, in a project which used
permaculture design techniques in the construction of low impact development practices, thirty-
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one plant species with secondary benefits as medicinal plants, as food and spices, or as raw
materials for furniture making were incorporated into a terraced garden system (Ormond et al.,
2010). Additionally, a unique filter system – a mycelium filter strip, was constructed using edible
oyster mushrooms which are especially useful for reduction of petroleum pollution (Ormond et
al., 2010).
Another case study described successful use of vegetable raingardens for reduction of
stormwater runoff by greater than 90% while still producing yields of similar size to those of
conventional vegetable gardens (Richards et al., 2015). Since pollutant load of stormwater runoff
can be quite high, food safety must be considered for vegetables grown in stormwater
management infrastructure, but it was found that rooftop stormwater application did not result in
significant contamination of the soil, water, or plants in a test vegetable raingarden constructed in
Australia (Tom et al., 2013). Certain plants, especially those which thrive in constructed
stormwater wetland environments, such as Typha sp. (cattails), Arundo donax (giant reed),
Phragmites australis (common reed), and Salix viminalis L. (willow) are thought to be good
candidates for bioenergy feedstock material (Gizińska-Górna et al., 2016; Nsanganwimana et al.,
2014; Rahman et al., 2015).
1.3 c: Biodiversity Services
Green infrastructure has the potential to increase biodiversity through habitat creation and
maintenance of adequate growing and living conditions for a wide variety of species. Green
infrastructure practices such as constructed wetlands provide habitats for a wide range of
waterbirds (Murray et al., 2013) and other animal species. In a study using invertebrates as
biodiversity indicators, it was found that the conversion of lawns to bioretention basins caused an
increase in invertebrate species abundance, richness and diversity; all of which also seemed to be
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positively correlated with the amount of leaf litter retained by the bioretention areas (Kazemi et
al., 2009). Urban drainage systems with low nutrient pollution levels and high levels of
submerged vegetation may support greater macroinvertebrate species richness including
threatened species from the red list while; conversely, drainage systems having high nutrient
concentrations and low levels of submerged vegetation tend to support greater establishment of
exotic species (Vermonden et al., 2009). Urban ponds and waterbodies can support amphibian
population dynamics by acting as ‘stepping stones’ which help to support reproductive success
even when ponds dry up, by allowing amphibians to move across the urban landscape by
migrating between ponds (Fortuna et al., 2006).
1.3 d: Cultural Ecosystem Services
Finally, ecosystem services which fall under the category of cultural services can have
beneficial effects on human health and well-being. Increasing access to green space in urban
areas for recreational use and aesthetic appreciation have been linked to many mental and
physical health benefits. Exposure to green spaces has been shown to improve attentiveness,
memory retention, and cognitive development in children (Dadvand et al., 2015); to enhance
creativity (Plambech & Konijnendijk van den Bosch, 2015), and to relieve symptoms of
depression in pregnant women (McEachan et al., 2016) and of depression and anxiety in adults
(Astell-Burt & Feng, 2019). Green infrastructure practices which are designed to include
recreational infrastructure provide opportunities for outdoor physical activity (Moore & Hunt,
2012) and may also increase social cohesion between community members who visit the site for
recreation (Jennings & Bamkole, 2019). Educational outreach can promote community
involvement and interest in green infrastructure initiatives, can inspire homeowners to install rain
gardens and other GI practices on their own properties, and can inform and empower children
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through hands-on curriculum focusing on water pollution and stormwater management (Shelton
et al., 2015).

1.4: Greenhouse Gas Emissions and Ecosystem Disservices
1.4 a: Assessment of Environmental Impacts Using Life Cycle Assessment (LCA)
While it is clear that green infrastructure practices provide many benefits and ecosystem
services, it is also important to understand any negative impacts that they may produce. Since GI
practices are man-made structures, there are also negative impacts produced by factors such as
production of construction materials and fuel emissions from machinery used for installation and
maintenance processes. The use of life cycle assessment (LCA) has become increasingly
commonplace for the assessment of the environmental impacts caused by the construction,
maintenance, operation, and demolition of green infrastructure practices. Life cycle assessment,
when performed according to the ISO 14040 and ISO 14044 series of LCA standards, published
by the International Organization for Standardization, includes four main steps: goal and scope
definition, life cycle inventory, life cycle impact assessment, and life cycle interpretation
(International Organization for Standardization, 2006b). Researchers have used life cycle
assessment to evaluate a wide range of situations including products, infrastructure, systems, and
processes within many academic fields.
Flynn & Traver (2013) developed a potential framework for standardizing the use of
LCA specifically for green infrastructure practices, and they demonstrated their approach by
performing an LCA for a bio-infiltration site. The bio-infiltration case study was conducted using
the cradle-to-grave approach meaning that all life cycle phases including acquisition of raw
materials for use in manufacturing, manufacturing processes, transportation between
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manufacturing and construction sites, construction and maintenance processes, and the end-stage
disposal of materials from the bio-infiltration site were considered within the scope of this LCA
(Flynn & Traver, 2013). It was found that, in the case of this bio-infiltration rain garden site, the
majority of negative environmental impacts were associated with the manufacturing and
construction phase, especially due to the background manufacturing processes of two specific
construction materials – silica sand and bark mulch (Flynn & Traver, 2013). By pinpointing the
specific life cycle phase, as well as the specific materials and processes within the phase, which
cause the most harmful impacts, LCA practitioners can make more accurate and helpful
recommendations for ameliorating these effects in future green infrastructure practices. For
example, Flynn & Traver (2013) recommended that in future bio-infiltration rain garden sites,
silica sand could be replaced with natural soil already existing at the site and that, similarly,
mulch could be created onsite using organic matter and tree clippings, with both alternatives
likely having a much lower impact.
In a cradle-to-grave LCA performed to assess a group of low-impact-development
technologies constructed to treat stormwater runoff from a nearby parking lot, the impact
assessment yielded similar results to those of the case-study by Flynn & Traver (2013) with 50%
of all negative environmental impacts coming from the manufacturing phase (Bhatt et al., 2019).
This LCA involved the comparison of three bioretention cells and three permeable pavement
systems which were all also compared to a hypothetical situation involving a traditional
stormwater management pond using a functional unit of “1 m 2 of impervious area treated” (Bhatt
et al., 2019). Bhatt et al. (2019) found that negative impacts were much lower during the
bioretention life cycles when compared to the permeable pavement systems, and that overall, the
LID practices had less negative impacts than the traditional stormwater pond.

21

A life cycle assessment was conducted to evaluate and compare the impacts of
implementation of three different roofing choices – a conventionally constructed stone ballasted
roof, an extensive green roof with a shallow soil layer, and an intensive green roof with deeper
soil substrate (Kosareo & Ries, 2007). Across all life cycle phases, the two green roof options
produced greater energy saving benefits and less negative impacts than the conventional roof for
all impact categories including ozone layer depletion, aquatic acidification and eutrophication,
and global warming (Kosareo & Ries, 2007). As has been concluded from many green
infrastructure life cycle impact assessments, construction material choices were found to have a
large influence on amounts and types of negative impacts, which is especially true in this case
due to the relatively short life span of roofing materials (Kosareo & Ries, 2007).
Kavehei et al. (2018) conducted a comparative review of life cycle assessments of many
types of vegetated green stormwater infrastructure practices including green roofs, rain gardens,
bioretention basins, vegetated swales and wet ponds. Kavehei et al. (2018) used the results of
these cradle-to-gate life cycle assessments to determine that on average, vegetated swales had the
lowest carbon footprint while wet ponds had the highest carbon footprint. Additionally, carbon
sequestration was highest in the rain gardens and bioretention basins and lowest in the wet ponds
and swales (Kavehei et al., 2018) . In this study, for bioretention basins and green roofs, the
majority of the total mean carbon footprint originated from the initial life cycle phases of
material production, transportation and construction (Kavehei et al., 2018). For rain gardens, a
slight majority of 52% of carbon footprint was caused by the end-of-life decommissioning phase
(Kavehei et al., 2018). Although impact assessment results vary between individual studies,
based on countless green infrastructure LCA studies it is evident that without very careful
consideration of material sourcing and construction practices, the majority of negative impacts
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created during the life cycle of GI sites are caused during initial phases of material acquisition,
manufacturing, and construction.
1.4 b: Greenhouse Gas Emissions vs. Carbon Sequestration
Although it has been noted that GI practices can act as carbon sinks through
sequestration, GI practices also produce greenhouse gas emissions in amounts which may
sometimes surpass the amount of carbon that has been stored there. For example, shallow
constructed ponds, nitrogen-rich agricultural dams, and other small manmade water bodies have
been found to be major sources of greenhouse gas emissions (Gorsky et al., 2019; Ollivier et al.,
2019). Kavehei et al. (2021) found that bioretention basins can be a source of N 2O emissions and
that although dry bioretention areas can be sinks for CH 4 they also produce large amounts of
CO2. Similarly, Grover et al. (2013) found that a dry biofiltration cell was able to act as a
stronger methane (CH4) sink than a biofiltration cell containing a saturated zone and that the
saturated cell produced N2O fluxes that were nearly five times higher than the fluxes from the
dry cell.
Since vegetated swales often undergo short periods of extreme flooding and soil
saturation followed by periods of soil dryness, they have potential for both nutrient storage and
for greenhouse gas production. In a study of roadside grass swales in Ithaca, New York, it was
found that the swales produced higher levels of CH 4 than nearby lawns with similar soil
classification, but that soils from the swales also provided high potential denitrification for
nitrogen removal (L. E. McPhillips et al., 2016). For the swales in this study, CH 4 production
was significantly correlated with both soil pH and volumetric moisture content (L. E. McPhillips
et al., 2016). In another study involving dry and wetland roadside swales, it was found that
carbon density was highest in the saturated soils of the wetland swales (Bouchard et al., 2013).
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According to McPhillips et al. (2016), swale management and design choices which decrease
water retention while increasing the interactions between stormwater and soil to allow for
increased denitrification could lead to a better balance between lowering CH 4 emissions and
supporting greater N removal benefits. It is also important to consider the level of impact per
area of land. When McPhillips et al. (2016) extrapolated their measurements for swales and
lawns to the entire watershed scale, they found that even though individual swales produce
higher rates of CH4 emissions than individual grass lawns, the total lawn area in the watershed
produced higher overall greenhouse gas emissions than produced from the total area of swales.
Similar to the tradeoff between CH4 emissions versus N removal and C storage in
vegetated swales, there is a tradeoff, referred to as a ‘biogeochemical compromise’ by Hemes et
al. (2018), between greenhouse gas emissions and carbon storage within constructed wetlands.
Constructed wetlands generally act as carbon sinks, largely due to carbon sequestration by
vegetation (Maucieri et al., 2017) and suppression of carbon decomposition in saturated soils
(Hemes et al., 2018), but the carbon sequestration services come at a price – high CH 4 emissions
from the saturated, anaerobic soils. Of course, in many cases, with proper balance between
carbon sequestration and CH4 emissions, constructed wetlands have been determined to be highly
valuable not only for carbon storage and stormwater management services, but also for the
provisioning of many other ecosystem services. In a comparative study examining the effect of
chemical herbicides and mechanical treatment of macrophyte and algae overgrowth in
stormwater retention basins (wet ponds), when wet ponds were compared to constructed
stormwater wetlands, wetland sites produced lower greenhouse gas fluxes and had higher water
quality than both treated and untreated wet pond sites (Badiou et al., 2019). Additionally, treated
wet ponds had higher cumulative greenhouse gas fluxes and lower water quality, including
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higher incidence of algal blooms, than the untreated wet pond sites (Badiou et al., 2019). It was
concluded that the higher cumulative greenhouse gas fluxes, lower water quality, and higher
incidence of phytoplankton blooms found in the most intensively managed ponds were likely
connected to both the removal of the macrophytes and to the sediment disturbance caused by use
of a mechanical harvester for aquatic plant removal (Badiou et al., 2019). As this case study
illustrates, seemingly harmless maintenance decisions, such as the decision to remove submerged
vegetation in response to complaints from those who use a wet pond for recreation, can lead to
significant unintended consequences.
Green roof carbon storage and greenhouse gas emissions are influenced by soil moisture
and other soil characteristics (Heusinger & Weber, 2017; Teemusk et al., 2019) as well as by
vegetation choice (Kuronuma et al., 2018; Whittinghill et al., 2014) and soil depth (Getter et al.,
2009; Whittinghill et al., 2014) of intensive and extensive green roof areas. Net ecosystem
exchange of CO2 (NEE) was measured during dry summer conditions for an extensive green roof
characterized by shallow soil substrate and planted with non-irrigated Sedum species vegetation
(Heusinger & Weber, 2017). During the study period, which was notably a much drier season
than average, soil was consistently very dry leading to decreased leaf area index and periods of
decreased or no carbon uptake (Heusinger & Weber, 2017). However, despite temporary shifts to
a positive carbon flux when the roof became a source of carbon during some of the driest time
periods of the study; overall, this green roof was a carbon sink over the course of one year
(Heusinger & Weber, 2017). Another study examining the greenhouse gas dynamics of green
roof systems found that overall, the green roofs all acted as CH 4 sinks with very few periods of
CH4 emission, that median CO2 fluxes were lowest in the green roofs constructed using artificial
soil media, and that nitrous oxide flux was low for all green roof sites (Teemusk et al., 2019). It
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was also found that CO2 fluxes were elevated with increased soil temperature and with increased
daytime sun exposure (Teemusk et al., 2019).
It is clear that maintaining the balance between greenhouse gas production and carbon
uptake in vegetated green infrastructure practices is contingent on many interconnected factors.
A greater understanding of biogeochemical cycling within green infrastructure systems is
necessary in order to fully assess and compare the tradeoffs associated with implementation of
these systems.
1.5: Objective and Goals
The overall objective of this study is to examine the tradeoffs between the positive
ecosystem service benefits and negative environmental impacts produced by the implementation
of green infrastructure for stormwater management. In order to answer this primary question, I
conducted (1) a field study conducted at a range of GI sites with the goals: (a) to examine
differences in carbon storage and soil properties between different types of GI practices, (b) to
measure and compare potential production of methane (CH 4) and carbon dioxide (CO2) from
green infrastructure soils, (c) to quantify the biodiversity and cultural ecosystem services
provided by each GI type, and (2) a life cycle assessment of GI sites to examine the
environmental impacts and global warming potential (GWP) associated with the construction
materials and processes, maintenance, and decommissioning of green infrastructure sites.

Chapter 2: Field Study Assessing Greenhouse Gas Fluxes vs. Ecosystem Services
2.1: Objectives and Hypotheses
In order to accomplish the overall objective of examining the tradeoffs between the
positive ecosystem service benefits and negative environmental impacts produced by green
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infrastructure (GI), this field study was conducted with the following goals: (a) to measure and
compare carbon storage between GI practices and sites, (b) to measure and compare soil
properties including soil moisture and organic matter content between GI practices and sites, (c)
to measure and compare potential production of methane (CH 4) and carbon dioxide (CO2)
between GI practices and sites, (d) to identify the main drivers of CH 4 and CO2 potential
production and of soil C storage, and (e) to quantify and compare biodiversity and cultural
ecosystem services provided by each GI type and site.
Soil moisture content was hypothesized to be the primary predictor of anaerobic
greenhouse gas production rates from GI installments, with sites having the driest soil having the
smallest rates, and conversely, with soil from the wettest sites having the highest production
rates. At the drier, quick-draining sites, the soil microbial community is mostly composed of
aerobic and facultative anaerobic microbes adapted to well-oxygenated, unsaturated soils, which
should result in low potential production of CH4. In sites with waterlogged soils and in sites
designed to retain water indefinitely such as wet ponds, it was predicted that there would be
sizable populations of methanogens, leading to considerable CH 4 production under anaerobic
conditions. It was also expected that soil organic matter content would have an impact on
potential production rates of CH4 and CO2, with higher soil organic matter fueling greater
production of both gases. To test these hypotheses, soil samples were collected from a wide
range of GI sites and analyzed for soil moisture, organic matter, and C and N content; and CH 4
and CO2 production rates were measured in anaerobic incubations.
Vegetation biodiversity, evaluated using the Shannon diversity index, was hypothesized
to be most influenced by the duration of water retention within a site and the intensity and
frequency of landscaping and site maintenance, both factors that can impact the prevalence of
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invasive species. GI practices designed to retain water including the bioretention basins and wet
ponds were predicted to have lower diversity scores for emergent vegetation, due to the
increased abundance of species with aggressive growth patterns such as Typha spp. and
Phragmites australis. The same was hypothesized for other unmanaged or low-maintenance sites
including the dry ponds, with less management leading to lower biodiversity and higher percent
cover of invasive species. Common landscaping practices for green roofs, which include planting
sheets of low growing Sedum spp. which are not invasive, but which are also not typically native
to New York State, were predicted to yield medium to low biodiversity. In contrast, the intensive
landscaping and maintenance at highly visible sites, such as the rain gardens and bioretention
basins, were predicted to have diverse cover of native species or the non-native, but not invasive
species. The diversity of native plant cover is dependent on the landscaping design choices made
for each site, with higher percent cover of native plant species expected for the sites where the
use of native plants instead of non-native ornamental plants was prioritized during the design and
installation process.
For the examination of cultural ecosystem services, the ability to provide opportunities
for recreation and educational activities was assessed. Green roofs, which typically have limited
public access due to safety concerns were expected to provide the lowest level of education and
recreation services. For more accessible GI practices, sites located on school campuses, such as
the Rochester Institute of Technology and Monroe Community College, would have the highest
educational service scores due to their convenient on-campus location for integration into
educational curriculums and activities. Since these sites were typically located in central areas of
campus, it was expected that educational infrastructure such as informational signs would have
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the highest impact if installed in these sites due to their high visibility and to their location in
high pedestrian traffic areas.

2.2: Methods
2.2 a: Study Site Selection:
All green infrastructure (GI) practices involved in this study are located in Monroe
County, New York within the greater Rochester, NY area. Eighteen study sites, representing a
wide range of green infrastructure designs and surface areas, were utilized (Table 1). Only sites
which were constructed for the purpose of stormwater treatment or management were included
in this study. The sites were chosen to represent an assortment of the types of green
infrastructure practices which are commonly implemented in upstate New York. Six types of GI
practices were included: wet ponds (n = 2), dry ponds (n = 4), rain gardens (n = 3), green roofs (n
= 3), vegetated swales (n = 3), and bioretention basins (n = 3). The defining characteristics and
differences between these GI practice categories are listed in Table 2.
The Monroe County Stormwater Management Practices map (Monroe County
Department of Environmental Services, 2020) was used to locate the GI sites. Sites were
classified by GI practice type using information provided by the Monroe County Department of
Environmental Services. Surface area was estimated using Google Earth images of each site and
the Google Earth measure tool. Two sites, the rain garden and green roof at the Broccolo Garden
Center in Fairport, NY, were located on private property outside of the boundaries of the Monroe
County Stormwater Management map. Therefore, these sites were classified based on the
property owner’s descriptions of her construction practices and based on observations made
during sampling visits to the sites. A site which was classified as a wet pond based on the
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Monroe County map was later reclassified as a dry pond, East S-Lot Dry Pond, based on
observations that the site had become fully overgrown with vegetation and now acts only as a
temporary detention area rather than as a more permanent retention pond.

Figure 2: Overview of study sites located across the Greater Rochester, NY area

30

Table 1: Location and surface area of sites included in study
Site Surface Area (m2)

Site Location

Perkins Green Swale

2340

Rochester Institute of Technology, Henrietta, NY

Gleason Bus Circle Swale

410

Rochester Institute of Technology, Henrietta, NY

Turning Point Park Swale

310

Turning Point Park, Rochester, NY

Perkins Green Rain Garden

20

Rochester Institute of Technology, Henrietta, NY

Institute Hall Rain Garden

550

Rochester Institute of Technology, Henrietta, NY

Broccolo Rain Garden

200

Broccolo Garden Center, Fairport, NY

U-Lot Wet Pond

3900

Rochester Institute of Technology, Henrietta, NY

North S-Lot Wet Pond

780

Rochester Institute of Technology, Henrietta, NY

East S-Lot Dry Pond

1520

Rochester Institute of Technology, Henrietta, NY

N-Lot Dry Pond

1280

Rochester Institute of Technology, Henrietta, NY

East River Rd Dry Pond

1680

Rochester Institute of Technology, Henrietta, NY

U-Lot Dry Pond

2930

Rochester Institute of Technology, Henrietta, NY

U-Lot Bioretention Basin

570

Rochester Institute of Technology, Henrietta, NY

West MCC Bioretention

180

Monroe Community College, Brighton, NY

East MCC Bioretention

270

Monroe Community College, Brighton, NY

Broccolo Green Roof

100

Broccolo Garden Center, Fairport, NY

GIS Green Roof

860

Rochester Institute of Technology, Henrietta, NY

Civic Center Green Roof

6850

Civic Center Parking Garage, Rochester, NY

Site Name
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Table 2: Defining characteristics of the six categories of green infrastructure included in this study
Defining Characteristics According to
Green Infrastructure Categories and Diagrams from NYS
New York State Stormwater Design
Stormwater Design Manual (NYS-DEC, 2010)
Manual (NYS-DEC, 2010)

Wet Ponds



Dry Ponds



Rain Gardens





Green Roofs




Bioretention
Basins

Vegetated
Swales







Permanent retention of a pool of
water or combined retention and
extended detention of runoff
Detained runoff is treated by settling
and biological uptake
Temporary storage for reduction of
stormwater runoff peaks and
flooding prevention
Inadequate for water quality
treatment
Treatment of small runoff volumes
Shallow depression to temporarily
store and filter runoff
Good option for residential settings
Similar to bioretention but
simplified to include passive filter
systems rather than underdrains
Capture runoff with rooftop soil and
vegetation layer
Evaporation and evapotranspiration
for runoff volume reduction
Shallow depression for temporary
retention and filtration through soil
media layers
Similar to rain garden but with
addition of underdrain system to
return runoff to storm drain system
Open, vegetated channels
Increase time of concentration and
reduce peak discharge rate of runoff
Runoff infiltration
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2.2 b: Vegetation Surveys
Vegetation surveys were conducted between August and mid-October 2020 using a 1-m 2
quadrat. Survey date was influenced by the timeframe for gaining access for site visits. The sites
vary widely in size, so a ratio of 8 quadrats per 500 m 2 of surface area was used to appropriately
scale the number of quadrats between sites. A minimum of 5 quadrats and a maximum of 30
quadrats were assessed at each site. A random number table was used to ensure that quadrat
locations were dispersed randomly throughout each site. The location and the overhead view of
each quadrat were mapped using the ArcGIS Survey123 field app (Esri, 2021). Using a random
number generator and the random number table, x,y coordinates were generated for each quadrat
location, and any random coordinates that led to quadrat placement outside of site boundaries
were discarded.
Percent cover of plant species was quantified, and individual plant species were
identified. To assess biodiversity ecosystem services provided by each type of GI practice,
Shannon diversity index (H) was calculated using the plant species cover percentages collected
from each quadrat (Shannon & Weaver, 1949). Shannon index quadrat values were averaged
within each study site; and for comparison between the six types of GI practices, average
Shannon index values were calculated among all sites of the same GI type. After identification,
plant species were grouped into native, non-native and invasive classifications based on native
plant data provided by the USDA PLANTS Database (USDA Natural Resources Conservation
Service, 2020), by the New York Flora Atlas created by the New York Flora Association (Weldy
et al., 2021), and NYS invasive plant data (New York Invasive Species Information
Clearinghouse, 2021). Percent cover of native, non-native and invasive species were compared
between individual study sites and were also averaged and compared between GI practice types.
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2.2 c: Soil Sampling
Two adjacent soil cores were collected at a depth of 10 cm from three sampling locations
at each of the 18 study sites. The cores were collected using a 6 cm diameter tulip bulb soil corer
and pairs of cores were pooled for analysis. Samples were collected from the center of the first,
middle and last random vegetation plot locations.
2.2 d: Soil Moisture, Organic Matter and CN Content
Three subsamples of each of the three soil replicates were used to measure soil moisture
content. Soil samples were dried in a drying oven at 60° C for one week, after which time
samples were reweighed for calculation of dry soil weights and percent moisture content was
calculated. Dry soils from each soil sampling site were then homogenized using a mortar, pestle,
and sieve to grind the samples and to remove small roots and rocks. The loss on ignition (LOI)
method was used to determine percent soil organic matter content (Heiri et al., 2001). Samples of
approximately 20 grams of soil from each of the 54 sampling locations (3 replicates per GI site)
were fired at 550° C for four hours in a muffle furnace (NeyTech Vulcan D-1750). Percent
organic matter was calculated according to Heiri et al. (2001) using pre-combustion and postcombustion dry soil weight values.
A portion of the homogenized soil samples were prepared (2 replicates for each of the 54
sampling locations) for analysis of soil for % C and % N using the PerkinElmer 2400 Series II
CHNS/O Elemental Analyser (PerkinElmer, Waltham, MA). Samples were prepared and
analyzed according to protocol instructions from the 2400 Series II CHNS/O User’s Manual
provided by PerkinElmer. Replicates from each sampling location were averaged and used to
calculate the mean % soil carbon, mean % soil nitrogen and mean C to N ratio for each
individual site and for each green infrastructure category.
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2.2 e: Potential CO2 and CH4 Production Incubations
Immediately after soil sampling, 50 grams of each soil sample and 50 mL of degassed,
deionized water were added to 16-oz. wide mouth glass mason jars fitted with a septum. One soil
incubation jar was constructed for each soil sampling location with a total of three replicates per
study site. After addition of soil and water, each jar was sealed and flushed with N 2 gas for two
minutes followed by 10 seconds of shaking. This N 2 flushing process was repeated twice more,
to create anaerobic conditions within the jars which were then incubated for two weeks in a
darkened incubator at 20°C.
After two weeks, the soil incubation jars were again flushed with N 2 gas (T0), and
twenty-four hours later, the first headspace gas samples (T1) were collected and stored in
evacuated vials for analysis by gas chromatography with a methanizer and flame ionization
detection. A sequence of nine headspace gas samples was collected from each incubation jar.
Before each sample removal, an equal volume of N2 gas was injected and mixed into the jars for
volume replacement of the collected sample. Starting with the first gas sample (T1) which was
collected 24 hours after flushing with N2, one headspace gas sample was collected every 24
hours for three more days (samples # T2-T4). After the collection of the fourth sample (T4) was
collected, one sample was taken every 48 hours for the next ten days (samples # T5-T9).
Between sampling times, jars were stored in a dark incubator. Samples were analyzed for CH 4
and CO2 using the GC-2014 Shimadzu Gas Chromatograph with AOC-6000 Autosampler
(Shimadzu Corporation, Kyoto, Japan) with a standard containing 9.26 ppm CH 4 and 995.4 ppm
CO2 and a standard containing 2006 ppm CH4 and 4984 ppm CO2 (Airgas USA LLC,
Sacramento, CA). Two standards were used to account for large differences in CH 4 potential
production between study sites. Jars were divided into two groups: high CH 4 (> 100 ppm CH4
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after first three samples) and low CH4 (≤ 100 ppm CH4 after first three samples). Samples T4
through T9 from high CH4 jars were run alongside standard 4, and samples T4-T9 from low CH 4
jars were run alongside standard 3. Response factors (ppm/area) were calculated as the average
peak area of all calibration standards used during one GC run divided by either the true CH 4 or
CO2 concentration of the standards. The appropriate response factor was used to calculate the
concentration (ppm) of CH4 and CO2 of each gas sample by multiplying the peak area by the
response factor. The headspace volume of each jar was calculated based on the sediment height
and the dimensions of the jars. Masses (µg) of CH 4 and CO2 for each jar were converted to µg of
carbon and were calculated for each sampling time using the following Eq. 1, and similarly,
masses of CH4 and CO2 within the amount of gas sample taken by syringe were calculated as
mass of carbon using Eq. 2.

𝑚=

𝐶 ∗ 𝑃 ∗ (𝑉 + 𝑉 )
∗ 𝑀𝑊
𝑅/𝑇

Eq. 1

𝑚=

𝐶∗𝑃∗𝑉
∗ 𝑀𝑊
𝑅/𝑇

Eq. 2

Where: 𝑚 = 𝑚𝑎𝑠𝑠 𝑜𝑓𝑐𝑎𝑟𝑏𝑜𝑛 𝑤𝑖𝑡ℎ𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 (𝜇𝑔) ,
𝑃 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (1 𝑎𝑡𝑚),
𝑉 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 ℎ𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒 𝑎𝑖𝑟 (𝐿),
𝑉 = 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑔𝑎𝑠 𝑠𝑎𝑚𝑝𝑙𝑒 𝑡𝑎𝑘𝑒𝑛 𝑏𝑦 𝑠𝑦𝑟𝑖𝑛𝑔𝑒 (0.012 𝐿),
𝑅 = 𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑎𝑙 𝑔𝑎𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 0.082051

∗
∗

,

𝑇 = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 (293.15 𝐾),
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𝑀𝑊 = 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛 12.011
Potential production rates for CH4 and CO2 were calculated over the slope of the linear
production time from sampling day 6 through sampling day 9. Gas fluxes were averaged
between the three jars from each site and between all jars within each of the six groups of green
infrastructure practice types. The ratio of CH4 flux to CO2 flux was calculated for each site and
for each GI type.
2.2 f: Assessment of Ecosystem Services
Two categories of cultural ecosystem services: recreational and educational opportunities,
were assessed at each study site. During the initial vegetation survey visits, all sites were
evaluated using a rubric designed by Moore and Hunt (2012), as shown in Table 3 below.
Scoring categories for recreational ecosystem services included degree of legal and physical
accessibility to the site and the extent and quality of recreational infrastructure such as walking
trails and outdoor seating areas. These scores were evaluated according to in-person
observations. Educational ecosystem service criteria included proximity of the site to schools and
educational centers to determine if the site is close enough to a school to host walking field trips
and educational activities. Moore and Hunt (2012) judged an appropriate walking distance to be
any distance less than 2 km, and this was assessed for this study using google map searches
to determine the number of schools, preschools, community centers, and other educational
centers within a 2 km radius from each site. History of use for educational purposes was assessed
based on interviews with site owners and on knowledge of use of sites for previous research and
educational activities. The presence and quality of educational infrastructure was assessed based
on observations made during visits to the sites. Scores were calculated for each subcategory and
summed to calculate total educational, recreational, and overall scores for each site. Overall
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scores for each site were averaged between sites of the same type of GI practice to compare
between GI types.
Table 3: Cultural Ecosystem Services Assessment Rubric adopted from Moore & Hunt (2012)
Score
4
2
0
Recreation Subcategories
Legal
Public access by permission Prohibited public
Open to public access
Accessibility
only
access
Physically accessible but
Access is physically
not highly visible (e.g., outPhysical
No physical barriers, site is
restricted by fence,
of-site location behind
Accessibility
highly visible
steep embankment, or
buildings or dense
other barrier
understory)
Recreational
Recreational infrastructure
Recreational infrastructure infrastructure is not
Recreational
(e.g., trails, wildlife viewing
is present but not wellpresent or is so poorly
Infrastructure
areas) is present and wellmaintained
maintained as to
maintained
present safety hazard
Education Subcategories
Located within walking
Located > 2 km from
Located on campus of school or
Location
distance (< 2 km) of school school or other
other educational center
or other educational center educational center
Site actively used (1 or more
History of
Infrequent educational use No history of
times per year) for education
Educational Uses
(less than once per year)
educational use
and/or research purposes
Educational infrastructure
is present but poorly
Educational infrastructure (e.g.,
Educational
Educational
maintained (e.g. cannot
signs, activity stations) are
infrastructure is not
Infrastructure
read due to fading or
present and well-maintained
present
blockage by dense
vegetation)
2.2 g: Statistical Analysis
All statistical analysis was completed using JMP Pro (SAS Institute Inc., 2019). Levene’s
test was used to verify the assumption of equal variances across samples for all variables by both
GI type and by individual site (Levene, 1960). In instances where Levene’s test was
insignificant, therefore suggesting equal variance, mixed model ANOVA was applied with GI
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type as the fixed effects factor and individual study site as the random effects factor. Mixed
model ANOVA was used to analyze differences in soil moisture content, percent cover of native
plants, percent cover of non-native plants, and Shannon diversity score between types of green
infrastructure. Mixed model ANOVA was followed by Tukey’s HSD post-hoc tests if
significant. When Levene’s test was found to be significant, indicating non-equal variance,
Welch’s one-way ANOVA was used. Welch’s ANOVA was used to examine the data sets which
showed unequal variance at the level of GI type including soil organic matter content, CH 4 and
CO2 production rate, and percent cover of invasive plants, and for all data sets at the level of
individual study sites. Welch’s ANOVA tests were followed by Games-Howell post-hoc
analysis. Simple linear regression was used to quantify the relationship between soil organic
matter and production rates of CH4 and CO2 and between soil moisture and gas production rates.

2.3: Results
2.3 a: Vegetative Diversity and Composition of Native and Non-Native Plants
Vegetation biodiversity was highly variable across sites, however there were no
significant differences between GI types (F5,12 = 2.06, p = 0.14, Figure 3). Shannon’s diversity
scores (H) ranged from a high of 0.97 ± 0.11 in vegetated swales to a low of 0.25 ± 0.02 in wet
ponds. Rain gardens and green roofs also had relatively high diversity, with mean scores of 0.78
± 0.22 and 0.71 ± 0.24, respectively.
There were significant differences in native plant cover (F5,65 = 37.33, p < 0.0001), nonnative plant cover (F5,74 = 35.75, p < 0.0001) and invasive plant cover (F5,80 = 9.78, p < 0.0001)
between GI types (Figure 4). While dry ponds did not have a particularly diverse plant
community (H = 0.68), they were characterized by the highest percent cover (75 ± 20% cover) of
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native plant species. Dry ponds had significantly higher native cover than rain gardens (59 ±
38% native plant cover) and green roofs (12 ± 4.4% native plant cover), and rain gardens had
significantly higher native plant cover than wet ponds (33 ± 7.7%), swales (32 ± 2.0%),
bioretention basins (31 ± 19%), and green roofs (12 ± 4.4%). Green roofs had the lowest cover of
native species cover along with significantly higher non-native plant species cover (Figure 4).
Rain gardens, which also displayed the second highest diversity score, had the lowest
percent cover (4 ± 4.2%) of invasive plants of all categories, and were significantly lower than
all other GI types except for bioretention basins (10 ± 5.1% invasive plant cover) (Figure 4).
Invasive plant cover in the other GI types ranged from 40 ± 23% cover in vegetated swales to 18
± 18% in wet ponds.
On a site-by-site basis, three sites exhibited significantly higher native plant cover than
all other sites (F17,46 = 59.50, p < 0.0001): the rain garden at Broccolo Garden Center (132 ±
27%) and two dry ponds located at Rochester Institute of Technology (RIT) (122 ± 5.4% and 93
± 3.3%, Figure S2). The lowest native species cover was found at the green roof at the Rochester
Civic Center (3 ±1.1%) and at the rain garden located near the Perkins Green Apartment at RIT
(6 ± 1.3%, Figure S2). The highest percentage of invasive plants were found at the vegetated
swale at Turning Point Park (85 ± 8.5%) and the green roof at the Rochester Civic Center (69 ±
8.2%). Notably, five study sites were found to have no invasive species cover. These sites were
the rain garden at Perkins Green Apartments at RIT, a wet pond located near U-Lot parking lot at
RIT, a bioretention basin located at Monroe Community College, the green roof located at
Broccolo Garden Center, and the green roof located at the Golisano Institute for Sustainability at
RIT. This is despite the fact that the average percent cover of invasive species was found to be
highest in the green roof category (23 ± 23%), meaning that since two out of three of the green
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roof sites had no invasive plants, this percentage was most influenced by the high percent cover
(69 ± 8.2%) of invasive plants found at the green roof at the Rochester Civic Center. Two of the
sites with no invasive plant cover: the U-Lot wet pond and the Monroe Community College
bioretention basin also had no non-native plant cover, making them the only two sites to have
only native species cover (41 ± 13% and 70 ± 7.7% native plant cover, respectively).

Figure 3: Shannon’s diversity index (H) (mean ± SEM) was calculated
for the plant species within each quadrat of a site and averaged by site,
Welch’s ANOVA for GI type (F5,12 = 2.06, p = 0.14)
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Figure 4: Percent cover (mean ± SEM) of (A) native species (Welch’s ANOVA for GI type: F17,
= 37.33, p < 0.0001,), (B) non-native species (Welch’s ANOVA for GI type: F5,74 = 35.75, p <
0.0001), and (C) invasive species (Welch’s ANOVA for GI type: F5,80 = 9.78, p < 0.0001);
species were classified according to New York State guidelines; bars and letters over groups of
sites from the same green infrastructure categories indicate results of Welch’s ANOVA and
Games Howell post hoc testing at the level of green infrastructure type – types which share 42
letters are not significantly different

2.3 b: Soil Moisture, Organic Matter, CN Content
Soil moisture content varied significantly across study sites (F 17,13 = 5.51, p = 0.0015),
but was not significantly different between GI types (F5,12 =1.11, p = 0.41, Table 4). The site
with the lowest soil moisture content (19 ± 1.4%) was the dry pond site near the Rochester
Institute of Technology (RIT) U-Lot parking lot, and the wettest site with the highest soil
moisture content (48 ± 5.8 %) was the wet pond site located on the perimeter of the RIT S-Lot
parking lot (Table 4).
The two sites with the next highest soil moisture were two dry pond sites: a dry pond at RIT SLot parking lot (48 ± 16%) and a dry pond near RIT N-Lot parking lot (48 ± 16%).
On average, soil samples from wet ponds and swales had the highest average soil moisture
content (41 ± 4.7% and 41 ± 4.6%, respectively), and green roofs and bioretention had the lowest
average soil moisture content (28 ± 3.7 % and 30 ± 2.9%, respectively, Figure S3).
Soil organic matter also varied considerably between study sites (F17,36 =28, p < 0.0001)
and there were significant differences between GI types (F5,13 = 27.64, p < 0.0001). Organic
matter was highest for soil collected from a green roof (44 ± 7.0%) located at the Golisano
Institute for Sustainability building on the Henrietta, NY campus of Rochester Institute of
Technology and from a vegetated swale (46 ± 17%) located at the Turning Point Park trailhead
parking lot in Rochester, NY (Figure 5). These sites were outliers compared to the other sites
within their GI categories; the other two green roofs contained only 14 ± 0.64% and 16 ± 1.1%
organic matter and the other vegetated swales contained 13% and 16% organic matter. On
average, soil organic matter content was significantly lower in wet pond soils than in rain garden
soils (Figure S5).
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Soil %C and %N showed similar patterns, with high variability across GI types and low
values in wet ponds and bioretention areas (%C: F5,21=7.49, p = 0.0003, %N: F5,22 = 7.43, p =
0.0003) (Figure 6 AB, Figure S8,9). There were also significant differences between sites (%C:
F17,13 = 36.29, p < 0.0001), %N: F17,13 = 56.52, p < 0.0001), and the sites with the highest soil C
and N were the vegetated swale at Turning Point Park (SW-TPP) and the green roof at the
Golisano Institute for Sustainability at RIT (GR-GIS) (Figure 6A,B). While variability in CN
ratios was much lower, with site ratios ranging from 30-48, there were statistically significant
differences between sites (F17,13 = 2.49, p = 0.05, Figure 6C) but not between GI categories (F 5,12
= 0.50, p = 0.77, Figure S10).
Table 4: Average percent soil moisture content, n = 3, F17,13 = 5.5, p = 0.0015, UL-DP is
significantly lower than ERR-DP and BR-RG and CC- is significantly lower than BR-RG
(Welch’s ANOVA across sites followed by Games-Howell post hoc test)
Games-Howell Test Results
Green
Standard
Mean %
(sites which share any of the
Infrastructure
Site Name
Error of the
H2O
same letters are not
Category
Mean
significantly different)
Vegetated Swale
PG-SW
36.92
7.98
ABC
Vegetated Swale
GBC-SW
39.90
8.20
ABC
Vegetated Swale
TPP-SW
45.87
10.21
ABC
Rain Garden
PG-RG
36.51
4.55
ABC
Rain Garden
IH-RG
31.35
5.73
ABC
Rain Garden
BR-RG
39.43
1.68
A
Wet Pond
UL-WP
33.97
4.96
ABC
Wet Pond
NSL-WP
48.38
5.84
ABC
Dry Pond
ESL-DP
48.06
16.02
ABC
Dry Pond
NL-DP
48.19
4.17
ABC
Dry Pond
ERR-DP
33.63
1.42
AB
Dry Pond
UL-DP
19.28
1.38
C
Bioretention Basin
UL-BIO
35.33
2.39
ABC
Bioretention Basin WMCC-BIO
25.30
2.78
ABC
Bioretention Basin EMCC-BIO
28.59
7.86
ABC
Green Roof
BR-GR
24.36
2.14
ABC
Green Roof
GIS-GR
37.19
9.60
ABC
Green Roof
CC-GR
22.56
1.74
BC

44

Figure 5: Average percent organic matter (mean ± SEM) of three soil
samples collected from each study site; Welch’s ANOVA was
followed by Games Howell post hoc test; for individual study sites: n
= 3, F17,13 = 28, p < 0.0001; bars and letters over groups of sites from
the same green infrastructure categories indicate results of Welch’s
ANOVA and Games Howell post hoc testing at the level of green
infrastructure category (F5,21 = 3.8, p = 0.014), categories which share
any of the same letters are not significantly different
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Figure 6: (A) Percent soil carbon (mean ± SEM), Welch’s ANOVA and Games Howell post hoc
test for sites (F17,13 = 36, p < 0.0001); (B) Percent soil nitrogen (mean ± SEM), Welch’s ANOVA
and Games Howell post hoc for sites (F17,13 = 57, p < 0.0001); (C) Soil molar C:N ratio (mean ±
SEM), Welch’s ANOVA and Games Howell post hoc for sites (F17,13 = 2.5, p = 0.049); For A and
B: bars and letters over groups of sites from the same green infrastructure categories indicate
results of Welch’s ANOVA and Games Howell post hoc testing at the level of green infrastructure
category (For Soil C: F5,21=7.49, p = 0.0003; For Soil N: F5,22 = 7.43, p = 0.0003), categories which
share letters are not significantly different; For A, B, and C: n = 6 replicates per site.
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2.3 c: Potential Production of CH4 and CO2
Potential anaerobic production rates of CH4 and CO2, were highly variable between sites
(CH4: F17,13 = 4.9, p = 0.0031; CO2: F17, 13 = 17, p < 0.0001, Figure 7), however, there were no
significant differences between GI categories (CH 4: F5,21 = 1.2, p = 0.35; CO2: F5,21 = 2.1, p =
0.11). Two sites had substantially higher CH4 production rates than other sites within their green
infrastructure categories (Figure 7A). The green roof at RIT Golisano Institute for Sustainability
produced an average CH4 flux of 0.060 ± 0.029 mg C day-1 g-1 of dry soil, an order of magnitude
higher than the production rates of 0.0047 ± 0.0016 and 0.0098 ± 0.0021 mg C day -1 g-1 of dry
soil at the green roofs located at Rochester Civic Center and the Broccolo Garden Center,
respectively (Figure 7A). Similarly, the vegetated swale at Turning Point Park yielded higher
rates of CH4 production than those measured from other swales, producing an average CH 4 flux
of 0.044 ± 0.024 mg C day-1 g-1 of dry soil, 5-20 times higher than that measured from other
vegetated swale sites (Figure 7A). These outlier sites resulted in the highest average CH 4
production rates occurring in green roofs and vegetated swales, 0.025 ± 0.019 mg C day -1 g-1 of
dry soil and 0.018 ± 0.012 mg C day-1 g-1 of dry soil, respectively, with lower production rates
across all sites in wet pond (0.0041 ± 0.0049 mg C day-1 g-1 of dry soil) and dry pond categories
(0.0044 ± 0.0051 mg C day-1 g-1 of dry soil, Figure 7A, Figure S5).
A similar trend was observed for potential rates of anaerobic CO 2 production, with
significant variation across sites (F17,13 = 17, p < 0.0001), but not GI categories (F5,21 = 2.1, p =
0.11). The range in CO2 production rates was much smaller than that of CH 4 production rates, but
was still considerable, with site averages ranging from 0.0021 ± 0.00010 to 0.023 ± 0.0085 mg C
day-1 g-1 of dry soil. As observed for CH4, soils from the vegetated swale at Turning Point Park
(TPP) and the green roof at the Golisano Institute for Sustainability (GIS) produced CO 2 at
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higher rates than those measured from the other sites (Figure 7B). Several other sites, including a
rain garden and a dry pond located on RIT’s campus also had high rates of CO 2 production
(Figure 7B). The sites with the lowest production of CO 2 were the wet pond adjacent to U-Lot at
RIT and the vegetated swale at RIT’s Gleason Bus Circle, with rates of 0.0021 ± 0.00010 and
0.0036 ± 6.9E-05 mg C day-1 g-1, respectively (Figure 7B). Overall, CO2 production rates were
very similar between all GI categories with slightly higher average CO 2 production from green
roofs (0.010 ± 0.0039 mg C day-1 g-1 of dry soil) and slightly lower CO2 production from wet
ponds (0.0041 ± 0.0011 mg C day-1 g-1 of dry soil, Figure S6).
Sites were evenly divided on the ratio of potential production of CH 4 to that of CO2, with
8 sites favoring CH4 production and 8 sites favoring CO2 production (F17,13 = 2.49, p = 0.049,
Figure 7C). Several of the sites exhibited a CH4 to CO2 ratio that was very close to 1, indicating
that CH4 production was nearly equal to CO2 production for those sites. Locations with CH4/CO2
close to 1 include the vegetated swale at RIT Perkins Green Apartments (1.0 ± 0.48 µmol/µmol),
the rain garden at RIT Perkins Green Apartments (0.97 ± 0.44 µmol/µmol), and the bioretention
basin near U-Lot parking lot at RIT (0.89 ± 0.16 µmol/µmol). Green roofs were the only GI
category where CH4 production was dominant at all sites (1.8 ± 0.26 µmol/µmol), however on
average CH4 production exceeded CO2 production at vegetated swales sites as well (1.3 ± 0.54
µmol/µmol). In contrast, both wet ponds (0.665 ± 0.23 µmol/µmol), and dry ponds (0.464 ± 0.19
µmol/µmol) all produced substantially more CO2 than CH4 (Figure 7, S7).
The single best predictor of both CH4 and CO2 production rates was soil organic matter,
with over half of the variability explained by this one factor (CH 4: R2 = 0.54, F1,52 = 61, p <
2

0.0001, CO2: R = 0.57, F1,52 = 69, p < 0.0001, Table 5). Soil C and N were also significant, but
less strong predictors of CO2 and CH4 production rates, with R2 values around 0.3 for CH4 and
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0.2 for CO2 (Table 5). While soil moisture content was also a significant predictor of both
production rates, it was much stronger for CO2 than CH4, explaining about a third of the
variability in CO2 production rates. The combination of soil organic matter and soil moisture
2

slightly improved model predictions for CO2 production rates (R = 0.63, F2,51 = 43.8, p <
2

0.0001), but did not improve predictions of CH 4 production over organic matter alone (R = 0.55,
F2,51 = 31.2, p < 0.0001, Table 5).
Table 5: Results of Linear Regressions Examining Effect of Soil Characteristics on Potential
Production Rates of CH4 and CO2 gases
Effect of Soil Characteristics on Potential Production Rate of CH 4
Independent
n
F-ratio
Prob.
R2
Slope
Variable
Soil Organic Matter
54
F1,52 = 61
p < 0.0001
0.54
0.0011
Soil Moisture
54
F1,52 = 12
p = 0.0012
0.18
0.0007
OM + Moisture
54
F2,51 = 31
p < 0.0001
0.55
NA
Soil % C
54
F1,52 = 28
p < 0.0001
0.35
0.0025
Soil % N
54
F1,52 = 29
p < 0.0001
0.36
0.0444
Effect of Soil Characteristics on Potential Production Rate of CO 2
Independent
n
F-ratio
Prob.
R2
Slope
Variable
Soil Organic Matter
54
F1,52 = 69
p < 0.0001
0.57
0.0004
Soil Moisture
54
F1,52 = 24
p < 0.0001
0.32
0.0003
OM + Moisture
54
F2,52 = 44
p < 0.0001
0.63
NA
Soil % C
54
F1,52 = 14
p = 0.0005
0.21
0.0006
Soil % N
54
F1,52 = 15
p = 0.0003
0.22
0.0112
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Figure 7: (A) CH4 production rate (mean ± SEM) from anaerobic soil incubations, Welch’s ANOVA and Games
Howell post hoc for sites (F17,13 = 4.9, p = 0.0031); (B) CO2 production rate (mean ± SEM) from anaerobic soil
incubations, Welch’s ANOVA and Games Howell for sites (F17, 13 = 17, p < 0.0001); (C) Average ratio of CH4 to
CO2 production potentials (mean ± SEM) for each site, black line at 1 µmol/µmol marks the point at which CH4
production is equal to production of CO2, Welch’s ANOVA and Games Howell for sites (F17,13 = 40, p < 0.0001);
For A, B, and C: n = 3 green roofs, n = 3 bioretention, n = 3 rain gardens, n = 4 dry ponds, n = 3 swales, n = 2
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wet ponds

2.3 d: Assessment of Cultural Ecosystem Services
On average, green roofs received the lowest total cultural ecosystem score and vegetated
swales received the highest score (Table 6). Green roof sites tended to have lower recreational
scores than educational scores due to limited physical and legal access to the roofs, two of which
were not regularly open to the public. The site with the lowest total cultural ecosystem score was
the green roof located at Broccolo Garden Center, and the site with the highest total cultural
ecosystem score, the vegetated swale at Turning Point Park, was also the site with the highest
production rates of CH4 and CO2 and the highest soil organic matter content. A combination of
factors contributed to the low score at the Broccolo Garden Center green roof site (GR-BR).
Although the GR-BR site did receive high scores for past educational use and presence of
educational infrastructure; the site is only open to the public with permission from the owners, it
is located within an enclosed area that is physically inaccessible when closed, and there are no
schools or educational centers within a 2 km radius of the site. In contrast, the site with the
highest total cultural ecosystem score, the vegetated swale at Turning Point Park received a score
of four for all categories except for a score of two for the educational location category. The
Turning Point park swale is physically and legally accessible for public use; it is located near
well-maintained walking trails, outdoor seating areas, river access for fishing, and other
recreational infrastructure; the site has been used for educational activities and events; and
educational signs are present and useful for teaching visitors about the green infrastructure
practices implemented at the site.
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Table 6: Cultural ecosystem service scores calculated using the rubric created by Moore & Hunt (2012),
scores were calculated for each site and averaged across green infrastructure categories
Recreational Ecosystem Services
GI Type
Green Roof
Bioretention
Dry Pond
Rain Garden
Wet Pond
Swale

Educational Ecosystem Services

Legal
Physical
Recreational
History of
Educational
Location
Total
Accessibility Accessibility Infrastructure
Educational Infrastructure
Score
Score
Score
Score
Score
Use Score
Score
2
2
1
2
3
3
13
4
4
3
4
3
0
17
4
3
1
4
4
0
17
3
4
4
3
4
1
19
4
4
4
4
4
0
20
4
4
4
3
4
1
21
2.4: Discussion

2.4 a: Soil Carbon, Nitrogen and Carbon to Nitrogen Ratio
Soil carbon (C) content was highest in vegetated swales and was lowest in wet ponds.
The same trend was observed for soil nitrogen (N) content with the highest percent N found in
vegetated swales and lowest percent N in the wet ponds. Although not significantly different
from other low soil C sites, the three sites with the lowest soil C were all located adjacent to the
U-Lot parking lot at Rochester Institute of Technology. Studies involving agricultural drainage
swales (Iseyemi et al., 2019) and swales constructed for roadside stormwater runoff (Bouchard et
al., 2013; Streeter et al., 2019) have similarly found that vegetated swales very effectively
provide carbon sequestration services and often act as carbon sinks. In a comparative review of
many of the same types of green stormwater infrastructure which were also examined by the
current study including green roofs, rain gardens, bioretention basins, stormwater ponds, and
vegetated swales, Kavehei et al. (2018), found that rain gardens and bioretention basins had the
highest potential for carbon sequestration as well as the lowest lifetime net carbon footprint.
In a study of roadside vegetated swales, wetland swales with higher soil moisture
displayed higher C density and significantly higher percent soil C than dry vegetated swales
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(Bouchard et al., 2013). Similar to the wet ponds of the current study, Kavehei et al. (2018)
found that stormwater ponds had both the lowest mean carbon sequestration and highest lifetime
carbon footprint of all sites included in their review. When comparing ecosystem services
provided by stormwater wetlands and wet ponds, Moore & Hunt (2012) found that carbon
content was highest in soil from all zones of stormwater wetlands (open water, temporary
inundation, and shallow water zones) when compared to soil collected from the same zones in
wet ponds. It was suggested that the higher soil C levels measured from wetland sites were most
likely caused by the addition of organic amendments to the newly excavated wetland soils
(Moore & Hunt, 2012).
Additionally, Moore & Hunt (2012) found that carbon accumulation rates were faster in
constructed stormwater wetlands than in stormwater wet ponds. Carbon accumulation levels in
the vegetated wet pond zones were most similar to the levels measured in the stormwater
wetlands (Moore & Hunt, 2012). In contrast, the non-vegetated wet pond zones were measured
to have no carbon accumulation, suggesting that the presence of vegetation plays a role in carbon
sequestration (Moore & Hunt, 2012). This trend is somewhat similar to the observation in the
current study that the wet pond sites had both the lowest average soil C content and the greatest
area of non-vegetated, open water zones. Merriman et al. (2017) also found that vegetation
growing in the littoral zone of stormwater wet ponds are a significant source of soil C and
recommend the incorporation of vegetated shelves planted along the edges of wet ponds in order
to improve carbon sequestration.
The findings of many other studies lend support to the importance of plant communities
and vegetation species diversity in promoting higher levels of carbon sequestration (S. Chen et
al., 2018; Cong et al., 2014; Fornara & Tilman, 2008; Lange et al., 2015; S. Xu et al., 2020) and

53

greater accumulation of soil nitrogen (Cong et al., 2014; Fornara & Tilman, 2008) in a wide
range of ecosystems. However, despite the extensive availability of results that support a
correlation between vegetation species diversity and soil C and N accumulation, it seems that the
mechanism behind this phenomenon is not currently fully understood (Kravchenko et al., 2021).
Recent findings suggest that in a highly diverse plant community, the interspecific belowground
C exchange and interactions between neighboring plants of differing species is one of the most
important factors in facilitating soil C accumulation (Kravchenko et al., 2021). In the current
study, this is supported by the vegetated swale sites which displayed both the highest soil C and
N and the highest vegetative diversity.
Based on the results of the current and past studies, when designing green infrastructure
with the goal of enhancing carbon sequestration, it is recommended that infrastructure is planted
and maintained in a way that supports high plant species diversity and richness.
2.4 b: Greenhouse Gas Production Potential
Although it was hypothesized that soil from green infrastructure categories with longer
periods of soil saturation would uniformly exhibit higher production of CH 4 and CO2 gases; in
reality, greenhouse gas fluxes varied widely not only between green infrastructure categories, but
also between sites within the same GI category and between soil sampling locations within the
same site. In examining the relationship between soil properties and the potential production of
greenhouse gases from soil; it was found that soil properties, particularly organic matter, not
differences in green infrastructure category, were the main drivers of variations in gas flux
measurements between sites.
The best predictor of both CO2 and CH4 production across GI sites was soil organic
matter content, with production rates increasing with increasing organic matter content. This
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relationship is consistent with the findings of similar studies examining greenhouse gas
production rates from green infrastructure practices and other comparable ecosystems. Addition
of organic matter in created wetlands has been shown to increase CH 4 production potential
(Ballantine et al., 2015). In a study of greenhouse gas emissions from streambed sediments the
amount and quality of sediment organic matter influenced production rates of methane and
carbon dioxide gases from sediment incubations, with increased organic matter driving an
increase in gas production (Romeijn et al., 2019). Similarly, a study of anoxic sediments from
freshwater bodies found that increased organic matter inputs to sediment led to increased
methane production potential (Grasset et al., 2018). Correlations between increased sediment
organic matter and methane production has also been discussed by studies examining stormwater
retention basins, constructed wetlands and other small ponds (D’Acunha & Johnson, 2019;
Gorsky et al., 2019; Huttunen et al., 2003). Vegetation management can also be an important
factor determining organic matter inputs and subsequent CH 4 emissions from stormwater control
infrastructure, with decaying vegetation left behind after mechanical harvesters and herbicide
application in retention basins yielding increased CH 4 emissions (Badiou et al., 2019).
In a study of restored wetlands in western New York, the addition of straw, topsoil, and
biochar amendments to soil led to a significant increase in soil C and in soil properties that
support the water-quality functions of the wetlands (Ballantine et al., 2015). However, along
with these benefits, all three types of soil amendments were also associated with an increase in
the production of CH4 from the sites (Ballantine et al., 2015). The results of these studies along
with the findings from the current study of a significant direct relationship between soil organic
matter and greenhouse gas production rates, suggest that choosing soil mixes with a lower
proportion of organic matter and limiting amendment with compost and mulches may help to
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limit greenhouse gas production. The selection and management of plant species should also be
carefully considered to control the quality and source of organic matter influencing organic
matter decomposition and greenhouse gas emissions.
Green roof sites, which had some of the highest soil organic matter content, had the
highest potential production rate of both CH 4 and CO2. In contrast, other studies of greenhouse
gas fluxes from green roofs have reported low CH4 and CO2 emissions from soil, oftentimes
measuring either very few or no CH4 fluxes from green roofs during summer measurement
periods. Teemusk et al. (2019) found all green roof sites to be dominated by CH 4 oxidation rather
than production and measured negative methane fluxes for three types of green roof designs,
with -2.3 µg C m-2 h-1 for a green roof with lightweight expanded clay aggregate (LECA) based
soil media, -1.3 µg C m-2 h-1 for a green roof planted with grasses, and -15.2 µg C m-2 h-1 for a
sod-based green roof. It is important to note that the production rates reported by the current
study are measured from soil incubations with saturated soil and anaerobic conditions. This is
not the usual condition of green roof soils, which tend to be quick draining and aerobic, and
therefore the CH4 production rates measured from this study represent the maximum potential
CH4 flux which may occur infrequently under field conditions. These results do however,
indicate that these green roof soils support a viable methanogen community, which responds
quickly to the development of suitable, oxygen-free, environmental conditions, which suggests
that they experience periodic anaerobic conditions in the field. The elevated CH 4 and CO2
potential production rates measured from the soil incubations represent the consequences of
allowing these green roof sites to become waterlogged and highlight the importance of designing
green roofs to have effective drainage systems and porous, soil environments.
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One limitation of the current study was that the soil samples from green roofs were
collected from both intensive and extensive areas of the roofs, resulting in high variability of
green roof soil properties and greenhouse gas production rates. It has been reported that green
roofs with deeper soil substrate (intensive) support higher survival, diversity and percent cover
for vegetation than extensive green roofs with shallower soil substrate (Dunnett et al., 2008), and
these vegetation factors, along with soil properties, seem likely to have an impact on carbon
sequestration and greenhouse gas emissions. In future research involving the three green roofs
included in the current study, separate analysis of intensive and extensive green roof areas may
shed more light on how the differences in soil media properties and depth contribute to total
greenhouse gas flux from these systems.
The lowest potential production rates for both CH 4 and CO2 were measured from the wet
pond sites despite their high in situ soil moisture content. This is in contrast to the original
hypotheses that the saturated soils of wet ponds would support high rates of CH 4 production as
well as observations of considerable CH4 emissions from both natural and constructed small
ponds (Gorsky et al., 2019; Grinham et al., 2018; Holgerson & Raymond, 2016; Peacock et al.,
2019) and is likely due to the fact that these sites had very low soil organic matter content. The
less important role of soil moisture was also found in a study of roadside bioretention systems,
where soil moisture levels did not have a significant effect on CO 2 and N2O fluxes from the soil
media.
While not the primary predictor of greenhouse gas production, our study did show a
small, but significant positive correlation between soil moisture and potential production rates of
both CO2 and CH4, suggesting that in situ moisture content does contribute to anaerobic
production potential of greenhouse gases. Similar to our study, Kavehei et al. (2021) found that

57

high levels of soil organic matter and soil moisture were two of the main drivers in increasing
methane emissions from bioretention basins, with drier basins having lower CH 4 emissions.
However, unlike the results of the current study, increasing soil moisture also led to a decrease in
CO2 emissions from wet basins (Kavehei et al., 2021). Emissions of CO 2 were larger than both
CH4 and N2O emissions from all bioretention sites, so Kavehei et al. (2021) recommended that
bioretention basins be designed to increase water retention in order to prioritize reduction of CO 2
emissions and increased nutrient removal despite the increase in CH 4 emissions that may result
from wetter soils. Similar to the results reported by Kavehei et al. (2021), Grover et al. (2013)
found that in a dry biofiltration cell, CO2 fluxes decreased with elevated soil moisture levels.
Additionally, although the cell containing the saturated zone was a usually a CH 4 sink, large
emissions of CH4 occurred from the saturated soil after inflow from storm events (Grover et al.,
2013). From this study, it is again evident that structural factors and design choices such as the
inclusion of a saturated zone and the addition of organic matter to the soil media have a large
influence on greenhouse gas fluxes.
2.4 c: Biodiversity and Percent Cover of Native, Non-Native, and Invasive Plant Species
Vegetative biodiversity and percent composition of native, non-native and invasive plant
species were all highly variable between individual sites. Since these sites are constructed and
managed, plant diversity is largely dependent on design choices, priorities involving support of
native species vs. choosing plants based on aesthetic appeal of non-native landscaping plant
species, and success in landscaping management and upkeep of chosen plants over time. For
example, Shannon’s diversity scores were highest in the green roof and the rain garden which
were both located at the Broccolo Garden Center where native plant incorporation was
prioritized and a wide variety of plant species were incorporated. At many GI sites large numbers
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of the species which were present at the time of construction, as listed in the planting plans, were
no longer growing at the time of completion of vegetative surveys for this study. This is likely
due to factors such as plant die-off and subsequent replacement by landscapers and due to spread
of invasive species causing a shift in the community composition over time. This seemed to be
especially true for the sites with frequently saturated soils, where it was observed that despite
originally diverse planting plans, plants such as Phragmites australis (common reed) and Typha
spp. (cattails) had spread so widely that they were able to become the dominant and most
abundant plant species at the sites.
Moore & Hunt (2012) measured Shannon diversity index and species richness of
vegetation growing in constructed stormwater wetlands and stormwater pond sites. In their
comparison of the submerged zones (open water and shallow water) of constructed stormwater
wetlands and wet ponds, Moore & Hunt (2012) found that the wetland sites tended to support
higher vegetative species diversity and higher species richness than wet pond sites – even when
the wet ponds were designed to include vegetated littoral shelves. However, in the temporary
inundation zones, constructed wetlands and wet ponds exhibited similar vegetation species
diversity and richness – largely due to the wide range of plant species which are better adapted to
live in these zones than in fully submerged zones (Moore & Hunt, 2012). To a certain extent, this
trend was also observed during the current study. Shannon diversity index scores were the lowest
in the two types of green infrastructure categories which tended to have either permanent water
retention or long-term soil inundation: wet ponds and bioretention basins. As observed by Moore
& Hunt (2012), in the current study, Shannon diversity index scores were highest for the green
infrastructure categories which typically have well-drained soil and shorter temporary inundation
periods including the swales, rain gardens, green roofs, and dry ponds. These findings suggest
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that if providing biodiversity ecosystem services is one of the main goals of a green
infrastructure practice, then the site should be designed to include quick draining, temporary
inundation zones where a more diverse selection of plant species can thrive.
The New York State Stormwater Design Manual recommends that plants native to New
York be chosen over non-native species alternatives (NYS DEC, 2015c). It seems that many of
the sites included in this study were designed and maintained in accordance with this guideline,
because on average, all GI categories except for vegetated swales and green roofs were
characterized by higher percent cover of native species than non-native species. However, on an
individual study site basis, only 7 out of 18 sites displayed higher native species cover than nonnative species cover. When comparing native and invasive species cover, 13 out of 18 sites had
higher native species cover than invasive species cover. Incorporation and conservation of native
vegetation in green infrastructure and other landscapes has been shown to support the increased
biodiversity of other communities of organisms, especially by way of providing resources and
habitat. This is especially important in urban and suburban areas where some studies have shown
trends of decreasing biodiversity for pollinator species such as bees and hoverflies (BanaszakCibicka & Dylewski, 2021; Bates et al., 2011; Theodorou et al., 2020). There is also research
that suggests that although some pollinator species may be negatively affected by urbanization,
an increase in the diversity and abundance of plant species found in urban areas may effectively
counteract some of the negative effects of urbanization for these species, for instance by
decreasing the area of concrete surfaces in a city and therefore supporting an increase in
bumblebee species abundance and diversity (Hülsmann et al., 2015). Vegetated green
infrastructure practices constructed in urban areas, due to their potential to support increased
species biodiversity by providing resources and habitat, are ideal candidates for addressing issues
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such as the decline in pollinator species diversity (Mody et al., 2020; Salisbury et al., 2020;
Threlfall et al., 2017).
In this study, green roofs had higher percent cover of non-native species than all other
green infrastructure types. In the green roofs, this predominance of non-native plants was due to
the incorporation of Phedimus and Sedum stonecrop species which are not native to the region
but which are not invasive. Stonecrops tend to be lightweight and low growing, thrive in the
constant sunlight and harsh wind conditions of rooftop environments, do not typically require
irrigation after establishment, generally require very little maintenance in roof areas which may
be difficult to access, and have shallow root systems perfect for growing in the shallow, sandy,
fast-draining soil substrate commonly used for extensive green roof plantings. For these reasons,
although they are not native to New York state, they are ideal for use in shallow extensive green
roof areas and for application in roofs with strict weight limits. The high average percent cover
of invasive species is skewed by one green roof site which was planted with large areas of a
turfgrass mix containing invasive and/or non-native grass species. While overall, the green roofs
of this study had the lowest average percent cover of native plants, the green roof at the Golisano
Institute for Sustainability at RIT had moderate percent cover of native plants (16.3%). This was
largely due to the incorporation of a section of intensive growing areas planted with native
pollinator plants as part of the Butterfly Beltway program led by the Seneca Park Zoo. Other
studies have suggested that intensive green roofs, due to factors such as a deeper growing
medium and more structural complexity (i.e. consisting of a diverse mix of herbaceous and
woody plants along with lower plants rather than solely supporting stonecrop and other lowgrowing species), are better able to support higher species richness and abundance of many types
of arthropods (Dusza et al., 2020; Kyrö et al., 2020; Madre et al., 2013). Overall, green roofs
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planted with diverse plant communities seem to best support high arthropod species diversity,
richness and abundance (Dusza et al., 2020; Kyrö et al., 2018, 2020).
2.4 d: Cultural Ecosystem Services – Recreation and Education
The rubric used in this study for quantifying cultural ecosystem services was adopted
from a study by Moore & Hunt (2012) who evaluated the ecosystem services provided by
stormwater ponds and constructed stormwater wetlands. In their assessment of the recreational
and educational subcategories of cultural ecosystem services Moore & Hunt (2012) found that on
average, wetland sites earned higher scores than wet pond sites for both recreational and
educational ecosystem services. However, this was not due to inability of stormwater wet ponds
to provide these services. Greater utilization of constructed wetlands for recreational purposes
was largely due to location factors and more frequent incorporation of recreational infrastructure
into the design of the stormwater wetland sites (Moore & Hunt, 2012). Although most
stormwater pond sites were inaccessible, several pond sites were designed with the goal of
increasing public access for recreation (Moore & Hunt, 2012). Location and ease of access were
also factors that influenced the use of each site for educational purposes, as many of the wetland
sites were located on or adjacent to school properties allowing for easy access to the site for
educational activities (Moore & Hunt, 2012).
Similar to Moore & Hunt (2012), in this study, the sites with the lowest recreational and
educational service scores were the sites which were most difficult to physically and/or legally
access. On average, green roofs had the lowest total cultural ecosystem score, and this was
generally due to the limited accessibility of the green roof sites. Vegetated swales received the
highest average score due to proximity of all three swales to publicly accessible recreational
infrastructure such as walking trails and their location on or near educational campuses. Two of
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the most prevalent forms of recreational infrastructure observed during this evaluation were
walking trails surrounding the sites and resting areas such as park benches and picnic tables.
Indirectly, the vegetated swale at Turning Point Park supports recreational activity by managing
stormwater runoff from a parking lot where many people park to enjoy Turning Point Park’s
hiking and biking trails, nearby boat launch, and access to the Genesee River. Additionally,
recreational fishing was observed at the U-Lot wet pond at Rochester Institute of Technology
during several visits to the site. None of the bioretention or wet pond sites were large enough to
support boating or other similar water sport activities. Moore & Hunt (2012) noted that surface
area may have an impact on use of the site for recreation since most of their sites with
recreational infrastructure were also characterized as having larger surface areas than the median
area of all study sites. It follows that larger bodies of water are better able to support activities
such as fishing, boating, and other water sports which require a lot of open water; and this should
be considered when designing green infrastructure with the intention of creating recreational
opportunities. Although exposure to toxins and high levels of bacteria is a concern, several
studies discuss examples of the use of green infrastructure practices such as stormwater ponds,
bioretention basins, and stormwater wetlands for boating and fishing (Serrano & DeLorenzo,
2008; Seward, 2006), birding and wildlife viewing (Ghermandi & Fichtman, 2015; Kadlec et al.,
2012), and sometimes even ice skating (Kemp et al., 2019; Marsalek et al., 2003).
The ability of green infrastructure practices to provide recreational and educational
ecosystem services varied widely between all sites, and also varied somewhat between sites
within the same category of green infrastructure. The differing scores achieved by sites with the
same green infrastructure classification suggests that type of green infrastructure practice is not
as important in determining ability to provide cultural ecosystem services as other factors.
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Rather, with proper design, location, and community involvement; all types of green
infrastructure seem to have equal potential to provide cultural ecosystem services.
Degree of provisioning of cultural ecosystem services was not only dependent on
practical features such as location and accessibility of the site but was also dependent on design
choices such as the placement of recreational and educational infrastructure for use by site
visitors and on the conceptualization of ideas of how to fully utilize the site as a community
resource. This is consistent with findings by many studies examining the relationship between
human well-being and the increased accessibility of outdoor recreational sites. Neuvonen et al.
(2007) found evidence that the availability of accessible and close-to-home outdoor recreational
sites led to increased frequency of participation in outdoor recreation by urban dwellers, and
therefore recommend that close-to-home natural areas be included in city planning and should be
considered an indicator of the success and well-being of the society. Based on the results of a
questionnaire conducted by Grahn & Stigsdotter (2003), the presence of publicly accessible
urban green spaces close to home was directly related to a decrease in self-reported stress levels
and in frequency of stress-related illnesses. Roe et al. (2013) measured cortisol levels in urban
neighborhoods with varying levels of nearby green space and similarly found that physiological
stress levels were lower for adults living in communities with the highest percentages of green
space. Interestingly, although green space was related to reduced stress in both men and women,
women living in low green space neighborhoods produced higher cortisol levels than men (Roe
et al., 2013). Along with parks and public gardens, green stormwater infrastructure is very well
suited to address the need for increased urban green space near residential areas, especially if
efforts are made to design sites in ways that maximize recreational, educational, and social
opportunities.
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Exposure to urban green spaces seems to be especially important during childhood
development. Many studies have identified access to nature during childhood, outdoor play, and
incorporation of nature into educational curriculums as important factors in supporting children’s
social, physical and cognitive development (Bento & Dias, 2017; Chipeniuk, 1995; McClain &
Vandermaas-Peeler, 2016; Putra et al., 2021; Sumpter & Hedefalk, 2015; van Dijk-Wesselius et
al., 2018). For this reason, Cizek & Fox (2015) propose the integration of ‘stormwater nature
pockets’ into the design of parks, school yards, and other places where children play and learn in
order to efficiently address both the need for childhood access to green spaces and the need for
increased stormwater management solutions in urban areas. As shown by many case studies of
schoolyard greening initiatives (Cizek & Fox, 2015; Danks, 2012; EL-Nwsany et al., 2019;
Feldman et al., 2012; Grist et al., 2017; Hite & Neukrug, 2015; Moore & Hunt, 2012; Shashank
Shinde, 2002), constructing interactive green stormwater infrastructure practices on or near the
properties of schools, nurseries, and other learning centers allows for a multitude of opportunities
for creative play and educational activities.
Studies have found that local residents are often more supportive of the implementation
of green stormwater infrastructure when they feel that it ‘increases amenity’ by creating
recreational opportunities (Apostolaki, 2007), and that they are willing to implement green
infrastructure both on their own property and in their own community with increased knowledge
of the aesthetic and functional services that GI practices provide (Baptiste et al., 2015). In
Detroit, two workshop groups of local residents were asked to provide input into the most
important factors to be incorporated into green infrastructure to be designed for their community
(Campbell-Arvai & Lindquist, 2021). Residents from both groups prioritized the inclusion of
elements including opportunities for social interaction, education and recreation (Campbell-
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Arvai & Lindquist, 2021). Other objectives identified as most important by at least one of the
workshop groups included improving stormwater management, incorporation of vegetation that
is both easy to maintain and aesthetically pleasing, and supporting community health and
wellness (Campbell-Arvai & Lindquist, 2021).
It seems that given the opportunity, many people would be eager to visit and recreate at
green stormwater infrastructure sites and that they would welcome the implementation of GI
practices in their communities, especially after they have been well-informed of the many
possible ecosystem services that these sites provide. Environmental education centered around
green stormwater infrastructure practices has been shown to increase community awareness of
stormwater issues and engagement with the sites by community members of all ages (Church,
2015; Dietz et al., 2004; Eanes & Zhou, 2020; Gao et al., 2016, 2018). However, it is clear that it
is important to take into account the unique perspectives and priorities of the community
members who will be most impacted by the construction of new GI sites (Lovell & Taylor,
2013), as these priorities may vary even between various groups living in the same city
(Campbell-Arvai & Lindquist, 2021), and because fulfillment of these priorities will likely be a
determining factor of community acceptance and utilization of a newly implemented site.

2.5: Chapter 2 Conclusions
Overall, soil organic matter was the most significant predictor of production rates of CO 2
and CH4, and of soil C and N storage. Soil moisture also had a significant influence on CO 2 and
CH4 production rates but was a much stronger predictor for CO 2 than CH4. Soil C and N were
significant but weak predictors of CH4 and CO2 production rates. Wet pond sites were measured
to have the lowest potential production rates of CH 4 and CO2, despite having the highest in situ
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soil moisture. This was most likely caused by the low organic matter content of the wet pond site
soils and helps to highlight the weaker role that soil moisture played in influencing CH 4 and CO2
production rates. In contrast to the current study, there are many reports that suggest that small
ponds produce high CH4 emissions. Other studies have found higher levels of carbon storage in
the vegetated zones of wet ponds than in open water zones. In future studies involving our wet
pond sites, C and N content and potential production rates of CH 4 and CO2 should be compared
between sediments sampled from both the open water and vegetated regions of the ponds.
Green roof soils displayed the highest potential production of both CH 4 and CO2, but also
had some of the highest soil C levels of all green infrastructure types. Since the typically dry,
aerobic soils of green roofs are not usually known to produce large CH 4 or CO2 emissions; the
elevated CH4 production measured during anaerobic soil incubations in this study suggest that
the soils of these green roofs often become fully saturated, allowing methanogen communities to
thrive and causing them to respond to increased soil moisture with increased production of CH 4.
To minimize greenhouse gas production, it is recommended that green roofs be designed to
maximize drainage to avoid waterlogged soils. Since studies identify green roof soil media depth
to be an indicator of greenhouse gas production and of soil carbon storage, future directions for
the green roof sites of this study could involve comparison of soils from the shallow, sedumplanted extensive green roof zones and from the intensive zones with deeper soil media.
Vegetated swales provided the most cultural ecosystem services while green roofs had
the lowest total cultural ecosystem service score. Lack of public access to green roof sites was
one of the main reasons for their low score. In contrast, vegetated swales were all located in high
pedestrian-traffic areas and so were very visible and accessible. One swale in particular was
implemented, along with several other green infrastructure practices, at the parking lot of a
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recreational park with hiking trails and river access. The swale’s high cultural ecosystem score
was influenced mainly by the effective integration of educational infrastructure at the parking lot
site and proximity to recreational infrastructure, and this swale is a good model of how a green
infrastructure practice can be designed with the goal of increasing cultural ecosystem services.
Many studies show the importance of community involvement in influencing whether GI
cultural ecosystem services are widely received. When designing green infrastructure sites with
the goal of providing these services, it is important to take into account the unique priorities and
preferences of the community in order to ensure that the sites are both accepted and utilized to
their full extent. Further studies of cultural ecosystem services at these sites could benefit from
surveys and interviews with local community members and with those who visit the site for
recreational or educational activities in order to further understand opinion, frequency of use, and
understanding of each green infrastructure site.
In addition to providing the most cultural ecosystem services, vegetated swales also had
the highest vegetation biodiversity. However, vegetated swales also had the greatest invasive
species plant cover. Dry ponds supported the highest native plant cover, while green roofs had
both the highest percent cover of non-native plants and the lowest percent cover of native plants.
It has been found that higher vegetative diversity may also support increased species biodiversity
for many types of pollinators and arthropods. This suggests that urban green infrastructure sites
with higher vegetative diversity (e.g., the vegetative swales of this study) could be a solution to
the findings of the studies which report trends of decreasing arthropod diversity in urban and
suburban areas. In the future, biodiversity services of these sites could be further studied by
integrating these vegetation diversity measurements with a wider biodiversity study that also
includes measurement of diversity of arthropods and other macroinvertebrates.
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Chapter 3: Life Cycle Assessment
3.1 Introduction
Life cycle assessment (LCA) was first applied to assessing environmental issues in the
1970s, and the scope, methodology, and standardization guidelines for LCA have evolved and
expanded significantly over time (Guinée et al., 2011). It is thought that the first application of
LCA (though unpublished) was a comparative study used to assess the environmental impacts of
producing several types of beverage container options to be used by the Coca Cola Company
(Guinée et al., 2011). Since then, LCA has further evolved to be used not only to evaluate the
environmental impacts of the production of specific products and consumer goods, such as
electronic devices (Bovea et al., 2020), personal care products (Hait & Powers, 2019), and
kitchen appliances (Favi et al., 2018); but also to evaluate the full life cycle impacts of much
more complex systems including agricultural growing systems (P. Chen et al., 2020; Maaoui et
al., 2021), energy production systems (Ayodele et al., 2017; S. Wang et al., 2019), construction
processes for buildings and infrastructure (Eberhardt et al., 2019; Hasik et al., 2019), and even
entire cities (Cremer et al., 2020).
The International Organization for Standardization (ISO) developed the first LCA
standards in 1994 leading to the gradual adoption of a standard methodology and framework and
allowing for the publication of more accurate, repeatable, credible, and comparable LCA studies
(Guinée et al., 2011). Throughout the years, updated ISO standards have been published, with
the most recent standards being ISO 14040:2006 which provides a general overview of the
framework and principles behind the four main phases of an LCA (International Organization for
Standardization, 2006a) and ISO 14044:2006 which includes specific guidelines and
requirements for conducting LCAs and for reporting results and limitations (International
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Organization for Standardization, 2006b). As outlined by ISO 14040:2006 and 14044:2006, life
cycle assessment includes four steps: goal and scope definition, life cycle inventory analysis, life
cycle impact assessment, and a final life cycle interpretation phase.
With the Clean Water Act amendments introduced by the Water Quality Act of 1987,
states were required to not only continue to manage point source pollution from industrial and
municipal waste but also to begin to implement management plans for controlling nonpoint
pollution of waterways (i.e., stormwater surface runoff) (Copeland, 2016). Following these
amendments, a manual with guidance for the design and planning of best management practices
(aka BMPs which include green infrastructure practices) was published in 1987, and included
guidance for designing dry ponds, wet ponds, infiltration basins and swales, porous pavement
systems, other vegetative practices, and water quality inlets (Schueler, 1987). Although LCA has
been widely used for many decades now, the use of LCA for assessment of stormwater
management systems has been limited and inconsistent in the past, despite a more recent push to
better understand these systems (Brudler et al., 2016). Many life cycle assessments for green
stormwater infrastructure have also included a comparative assessment of existing conventional
gray stormwater infrastructure systems (e.g., Antunes et al., 2020; Bhatt et al., 2019; Brudler et
al., 2019; Byrne et al., 2017; O’Sullivan et al., 2015; Vineyard et al., 2015; R. Wang et al.,
2013). From these studies, the consensus seems to be that with the proper design choices and
with mindful use of low-impact construction materials, green stormwater practices have much
lower negative environmental and human health impacts than equivalent gray infrastructure
practices.
Regardless of green infrastructure type, the findings of many LCAs suggest that the
materials acquisition and production phase of the life cycle of a green infrastructure practice
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contributes most significantly to the total negative environmental impact of the site. For
example, in an LCA used to assess and compare the life cycle impacts of bioretention basins,
permeable pavement systems, and a conventional gray infrastructure end-of-pipe pond system;
results indicate that material manufacturing had the largest impact on nearly all of the impact
categories included in the study (Bhatt et al., 2019). It is worth noting however, that in the
hypothetical disposal scenario, the benefits of recycling helped to overcome about 40% of the
initial negative material impacts (Bhatt et al., 2019). Flynn & Traver (2013) reported a similarly
large contribution by construction materials to the total environmental impacts of a bioinfiltration rain garden due to the negative environmental impacts of the background processes
necessary for producing the materials. For example, the high environmental impact score of
silica sand represents the energy intensive and environmentally harmful effects of mining and
refining processes, and similarly harmful logging and manufacturing processes were required for
the production of the bark mulch used at the rain garden site (Flynn & Traver, 2013).
Due to the outsized contribution of background material production processes to the
entire rain garden lifetime environmental impact, Flynn & Traver (2013) recommended that
future green infrastructure sites be constructed using materials sourced on-site or locally in order
to minimize the impacts caused by material manufacturing and transportation, for example by
replacing the bark mulch with mulch created from shredded leaves or with woodchips created
from any trees or shrubs needing to be removed from the site. Similarly, silica sand could be
replaced with a material such as topsoil reserved from excavation of the site, an engineered rain
garden soil media known to have a lower impact than silica sand, or a sand and soil mix (Flynn
& Traver, 2013). Of course, substitution of any material that is commonly used in green
infrastructure has the potential to lead to the incorporation of materials that are not effective
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enough to provide the necessary degree of stormwater management – for example replacing
silica sand with topsoil may diminish the drainage capacity of an infiltration basin. It is necessary
to be aware of costs and benefits associated with the use of various construction materials and
processes, perhaps by conducting further life cycle assessments to aid in planning and design.
Vineyard et al. (2015) conducted a comparative life cycle assessment of residential rain gardens
which were constructed using on-site soil and local materials. Since the native soil was primarily
composed of clay with very poor drainage capacity, organic amendments were applied in order
to increase soil infiltration.
Despite the prioritization of using local materials, construction was still the life cycle
phase that contributed the most to the total environmental impact of the rain garden sites (about
90% of total impact), largely due to the high CO2 emissions created by production of the compost
used to amend the soil and also due to the use of diesel fuel for construction machinery and
vehicles (Vineyard et al., 2015). However, when directly compared to the rain garden included in
the LCA conducted by Flynn & Traver (2013), the rain gardens studied by Vineyard et al. (2015)
exhibited much lower levels of negative environmental impacts for all comparable impact
categories including: eutrophication, global warming, respiratory effects, and ozone depletion –
perhaps due to the omission of high impact materials such as silica sand and due to the
minimization of material transportation. Additionally, the LCA conducted by Vineyard et al.
(2015) provides another example of a scenario where the negative environmental impacts of
green infrastructure (rain gardens), were much lower than those created by a gray infrastructure
system involving a stormwater storage tunnel and wastewater treatment plant.
Although the sites included in the following LCA have many differences in construction,
operation, and maintenance; due to the findings of previous green infrastructure LCAs which
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show the huge impact that materials and construction processes have on the total environmental
footprint of a GI site, it is predicted that these factors will also contribute highly to the total life
cycle impacts of the sites included in this study. It is also predicted that in the current study, sites
where the use of native topsoil and local materials was prioritized and sites which required the
least materials per area (e.g., less soil media, fewer plants, no gravel layer, etc.) will have the
lowest overall environmental impacts. This study will follow the LCA standards published by the
International Organization for Standardization: ISO 14040 and ISO 14044. The negative and
positive impacts of the cradle-to-grave life cycle of these sites will be quantified and compared
using the Ecoinvent v3 database for life cycle inventory information and SimaPro 9.0.0.48
software for life cycle impact assessment.

3.2 Goal and Scope
3.2 a: Goal Statement
A cradle-to-grave life cycle assessment was conducted with the goal of quantifying and
comparing the life cycle impacts associated with green stormwater infrastructure (GI) practices
located in the greater Rochester, NY area. This LCA may be a useful reference in the planning of
future green infrastructure so that sites can be designed in a way that avoids the most harmful
materials and processes and minimizes negative environmental and human health impacts. While
many of the sites included in this LCA are quite large and are meant to manage large quantities
of stormwater runoff, others are small and could be easily installed in a residential setting. For
this reason, the findings of this LCA could also be used by homeowners and by the general
public to inform themselves about the impacts of certain materials and of processes required for
installation and maintenance.
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Of the 18 sites which were included in the study outlined in Chapter 2, a subset of 8
green infrastructure sites were chosen based on the availability of engineering plans and of other
information necessary for conducting a life cycle assessment. This study will include a cradle-tograve LCA for the evaluation and comparison of each of the 8 green infrastructure sites
including: 2 vegetated swales (Perkins Green Swale, Turning Point Park Swale), 2 rain gardens
(Institute Hall Rain Garden, Broccolo Garden Center Rain Garden), 1 wet pond (Rochester
Institute of Technology S-Lot Wet Pond), and 2 green roofs (Broccolo Garden Center Green
Roof, Golisano Institute for Sustainability Green Roof). No engineering plans or construction
records were available for any of the dry pond or bioretention basin sites.
All sites were classified using the Monroe County Stormwater Management Practices
Map (Monroe County DES, 2020). Additionally, a hypothetical scenario involving the
management of stormwater from a parking lot using an underground pre-cast concrete detention
basin is included in the LCA for comparison purposes. The underground detention basin scenario
was sized to treat a volume of stormwater equivalent to the median volume treated by the reallife vegetated green infrastructure sites.
3.2 b: Scope
The scope includes the background impacts associated with the manufacturing processes
and raw material transport necessary for production of site materials, transportation of
manufactured materials from source to site, construction processes, maintenance and operational
processes, disposal processes associated with a hypothetical end-of-life scenario, and
transportation of materials from the site to the disposal locations. Emissions of CH 4, CO2, and
N2O greenhouse gases and carbon sequestration during the operational period are also within the
scope of the life cycle assessment. Economic considerations are outside the scope of this study.
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SimaPro 9.0.0.48 software will be used to assess life cycle impacts using TRACI 2.1 Version
1.05 midpoint methodology.
3.2 c: Functional Unit
The functional unit for this assessment is defined as “1 m 2 of impervious drainage area
treated by the green infrastructure practice.” The primary function of all GI practices considered
in this study is to treat stormwater runoff from surrounding impervious drainage area, so this
functional unit was chosen to normalize four very different types of GI practices (swales, rain
gardens, green roofs, wet ponds) along with a gray infrastructure scenario (subsurface pre-cast
concrete detention basin) for accurate comparison between the systems. This method of defining
functional unit based on impervious drainage area is based on the functional unit definition
strategies described in similar studies (Bhatt et al., 2019; Flynn & Traver, 2013; C. Xu et al.,
2017). Flynn and Traver (2013) calculated impervious drainage area functional unit values by
referencing the Pennsylvania Stormwater Best Management Practices Manual (DEP Bureau of
Watershed Management, 2006) which recommends a 5:1 ratio between impervious drainage area
and surface area of the constructed stormwater best management practice.
Similarly, the New York State Stormwater Design Manual (2015) recommends that when
designing stormwater management practices there should be a maximum loading ratio of 5:1
drainage area to infiltration area, assuming that the drainage area is fully impervious. This 5:1
ratio was used to estimate the area of surrounding impervious land cover that drains into the
infiltration area of two of the included green infrastructure categories: vegetated swales and rain
gardens. The loading ratio of 1:1 impervious area to infiltration area was used to calculate the
impervious drainage area for the two green roof sites as recommended by the Philadelphia Water
Department Stormwater Management Guidance Manual (Philadelphia Water Department, 2020).
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The New York State Stormwater Management Design Manual requires that a wet pond provides
a minimum surface area to drainage area of 1:100 (NYS DEC, 2015c). This ratio was used to
estimate the impervious drainage area of the RIT S-Lot wet pond site. The loading ratios were
used to estimate total area (m2) of impervious drainage area using Eq. 3. Table 7 shows the
results of using loading ratios and Eq. 3 to estimate the area of impervious land that drains into
and is treated by each of the green infrastructure site. This impervious area was then used to
fulfill the functional unit of “impact per m 2 of impervious drainage area” by normalizing all site
inputs by the estimated impervious drainage area of the site.

Eq. 3

𝐼𝐴 = 𝐿𝑅 ∗ 𝑆𝐴

Where: 𝐼𝐴 = 𝐼𝑚𝑝𝑒𝑟𝑣𝑖𝑜𝑢𝑠 𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒 𝐴𝑟𝑒𝑎 𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑏𝑦 𝑆𝑖𝑡𝑒 (𝑚 ),
𝑆𝐴 = 𝐾𝑛𝑜𝑤𝑛 𝑆𝑖𝑡𝑒 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 (𝑚 ),
𝐿𝑅 = 𝑅𝑒𝑐𝑜𝑚𝑚𝑒𝑛𝑑𝑒𝑑 𝑆𝑖𝑡𝑒 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 =

𝐼𝑚𝑝𝑒𝑟𝑣𝑖𝑜𝑢𝑠 𝐴𝑟𝑒𝑎 𝐷𝑟𝑎𝑖𝑛𝑖𝑛𝑔 𝑡𝑜 𝑆𝑖𝑡𝑒 (𝑚 )
1 𝑚 𝑜𝑓 𝑆𝑖𝑡𝑒 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎

Table 7: Site Characteristics and Impervious Drainage Area Functional Unit
Recommended Ratio
Green Infrastructure Site
Surface Area
of Impervious
Impervious Drainage
Name
(m2)
Drainage Area to
Area (m2)
Surface Area (NYS
DEC, 2015a)
Perkins Green Swale
2340
5:1
11,700
Turning Point Park Swale
310
5:1
1,550
RIT S-Lot Wet Pond
780
100:1
78,000
Perkins Green Rain Garden
20
5:1
100
Institute Hall Rain Garden
550
5:1
2,750
Broccolo Rain Garden
200
5:1
1,000
Broccolo Green Roof
100
1:1
100
GIS Green Roof
860
1:1
860

76

3.2 d: System Boundary
Included within the scope are raw material extraction and procurement, transportation,
manufacturing, construction, maintenance, operation, and hypothetical disposal processes. The
specific processes of each phase included within the system boundary, the construction,
operation, and end-of-life disposal phases, are illustrated in the diagrams below.

Figure 8: System boundary showing processes included in the (A) construction phase, (B) operation
phase, and (C) disposal at end-of-life phase of the life cycle of each stormwater management site
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3.3 Life Cycle Inventory
The material and process life cycle inventories which are listed in the tables below were
compiled using engineering and construction documents, planting plans, and information gained
through interviews with the site managers. Site plans and documents were followed as closely as
possible, but nonetheless, many assumptions were necessary to fill in gaps in knowledge of
material amounts and processes. A summary of these assumptions is detailed in section 3.3a. All
assumptions were made by referencing similar LCA studies or official standards such as the
guidelines published in The New York State Stormwater Management Design Manual (NYS
DEC, 2015a). The Ecoinvent v3 database was used for gathering life cycle inventory data for use
in life cycle impact assessment in SimaPro 9.0.0.48 software.
3.3a: Life Cycle Inventory Assumptions
3.3a-1: Construction Phase Assumptions


Due to lack of data library information for the production of many types of plant species,
the production of mint plant seedlings for sale at a plant nursery was assumed to be the
most equivalent process to the production of all small herbaceous plant and succulent
seedlings planted at each site.



Similarly, due to data library limitations; the production of one small tree sapling in a
heated greenhouse was assumed to be an appropriate representation of the production
process of all species of trees and woody shrubs planted at each site.



Due to construction record limitations, the exact percentage of soil media components is
unknown, so these were estimated using the soil media ratios recommended for each GI
practice type by the New York State Stormwater Design Manual.
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Both crushed stone and washed gravel were represented by the same Ecoinvent v3 input:
“Gravel, crushed {RoW}|production | Cut-off, U.”



The source and amount of bark mulch applied to each rain garden and vegetated swale
site is unknown, so the amount of mulch was estimated based on the recommendations of
the New York State Stormwater Design Manual. The data library input that was chosen
to best represent mulch production is “Wood chips, wet, measured as dry mass {RoW}|
wood chips production, softwood, at sawmill | Cut-off, U,” which represents the impacts
of production of wood chips as a sawmill byproduct.



For some construction materials, no suitably representative material production input
existed in the data library. Instead, these materials were simply represented by the
production of their main component. High density polyethylene (HDPE) pipes,
polypropylene based geotextile fabric, rubber roofing membrane, polyvinyl chloride
(PVC) pipes, and steel corrugated metal pipes were represented by production of HDPE,
polypropylene, synthetic rubber, PVC, and chromium steel, respectively (as detailed in
Tables 9, 11, 13).



There was no suitable data to represent the heat expanded shale portion of the green roof
soil media. However, due to the similarities in production methods between heat
expanded shale and heat expanded clay, data for the production of heat expanded clay
was used as a substitute for the heat expanded shale: “Expanded clay {GLO}| market for |
Cut-off, U.”



Due to a lack of site construction records regarding material sources and transport
distances, assumptions were made based on the distances between each site and local
sources of construction materials. All sites were located between 5 and 20 km from
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quarries, plant nurseries, and suppliers of nearly all major site materials, so it was
assumed that the transport distance between material source and site was 20 km for all
sites.


It was assumed that all materials were transported by freight truck using diesel fuel
(“Transport, freight, lorry 16-32 metric ton, euro3 {RoW}| market for transport, freight,
lorry 16-32 metric ton, EURO3 | Cut-off, U).



Due to limitations of the data library, many common construction practices were
unaccounted for. However, it was assumed that each site was excavated to the
recommend depth for each GI practice type or to the depth shown in the site engineering
plans. Using the LCA study by Bhatt et al. as a reference, in order to split the excavation
process between two types of excavation machinery, it was assumed that 50% of the total
mass of soil was excavated using a skid steer loader (“Excavation, skid-steer loader
{RoW}| processing | Cut-off, U”) and that the other 50% was excavated using a hydraulic
digger (“Excavation, hydraulic digger {RoW}| processing | Cut-off, U”).



For sites with trees and/or larger woody shrubs, it was assumed that these were all
planted with a small landscaping tractor using the Ecoinvent library process called:
“Planting tree {RoW}| planting tree | Cut-off, U,” but for sites with only small
herbaceous plants it was assumed that these seedlings were planted by hand without the
use of machinery.



For the GIS green roof site, since the building is very tall and since the roof required
many materials to be transported to the top of the building, it was assumed that a dieselfueled crane was used to lift construction materials to the roof. This was represented by
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the Ecoinvent process called: “Machine operation, diesel, > = 74.57 kW, high load factor
{GLO}| machine operation, diesel, >= 74.57 kW, high load factor | Cut-off, U.”


The same crane process input was used to represent the use of a crane to lift the pre-cast
concrete detention basin from the trailer bed of the transport truck and down into the
excavated site.

3.3a-2: Operation Phase Assumptions


It was assumed that each site required maintenance and landscaping work at least
twice a year. Although it is assumed that much of this work, such as weeding and
herbicide application is done by hand, the use of a low-load diesel machine:
“Machine operation, diesel, > = 74.57 kW, high load factor {GLO}| machine
operation, diesel, >= 74.57 kW, high load factor | Cut-off, U,” was chosen to
represent the general use of small landscaping machinery such as small tractors,
motorized carts, and lawn mowers.



Literature values were referenced to estimate the annual rates of carbon sequestration
and greenhouse gas emissions for each green infrastructure category.



It was assumed that the concrete detention basin did not produce greenhouse gas
emissions and did not provide carbon sequestration services.



To the greatest extent possible, emissions and sequestration data was chosen from
studies located in similar climates and with study sites having similar designs to those
of the current study.

3.3a-3: Decommissioning Phase Assumptions


For allocation, a cut-off system model was chosen. By assuming a cut-off system
approach, the benefits of recycling are not included in the LCA model.
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Due to limited data, there are no official recommendations for best recycling and
waste disposal practices associated with decommissioning of green infrastructure
sites. In the absence of real life data, a similar study by Bhatt et al. (2019) was
followed as an example, and it was assumed that 80% of materials removed from the
site were able to be recycled and that 20% of materials were sent to the appropriate
landfill for treatment and disposal.



80% of materials were assumed to be recycled and were accounted for by simply
subtracting 80% of the decommissioning material output mass from the total.



The remaining 20% of materials were separated into two groups according to whether
they should be sent to an inert landfill or to a sanitary landfill. Inert waste materials
which are not reactive and do not decompose, including the metals, cement, gravel,
and sand, were assumed to be treated at an inert waste as an output to the
technosphere (“Inert waste, for final disposal {RoW}| treatment of inert waste, inert
material landfill | Cut-off, U”). The materials which did not qualify for removal to an
inert landfill were mainly plastics and so were treated as mixed waste plastic and
assumed to be treated at a sanitary landfill (Waste plastic, mixture {RoW}| treatment
of waste plastic, mixture, sanitary landfill | Cut-off, U).



Since none of the sites have been decommissioned yet and since the distances
between each site and the chosen landfills are unknown, it was assumed that the
transportation distance and method is the same as that of the construction phase: 20
km by diesel freight truck.

3.3a-4: Overall Assumptions Across Total Life Cycle
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Due to the relatively recent increase in the widespread implementation of green
infrastructure practices, there is no published literature data about actual
decommissioning impacts and no official recommendation or measurement of length
of functional lifetime of green infrastructure practices. Additionally, the metric by
which the end of the functional lifetime is measured depends on the goal of
implementing the site. If the main goal is carbon sequestration, then the end of a
functional lifespan may be considered to be the time when carbon sequestration
plateaus or stops. If the main goal is to prevent flooding or to filter stormwater runoff,
then the end of life may occur when the site vegetation or structural features degrade
to the point that the site is no longer able to perform its stormwater regulating
functions. The end of the actual lifetime of a GI site is also dependent on the
changing land uses of the area around the site. For example, if a parking lot is
expanded, sites such as rain gardens or swales surrounding the lot may need to be
removed to make room for the expansion. If a site fails or becomes unsafe in some
way, for instance if a green roof becomes too heavy and collapses, this site will need
to either be decommissioned or updated.



Due to the general lack of decommissioning data and recommendations for GI
practices, and due to the many site-specific factors that may lead to widely different
lifetimes between sites, it was necessary to assume an average lifespan in order to
compare all sites included in this LCA. Following case study examples provided by
similar LCA studies (Bhatt et al., 2019; Flynn & Traver, 2013; Moore & Hunt, 2013),
an average lifespan of 30 years was assumed for all sites.
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3.3b: Material Inventories
Table 8 outlines the material quantities used in the construction of the three rain garden
sites considered by this LCA, Table 10 includes all material inventories for the vegetated swale
and wet pond sites, and Table 12 lists materials used in the construction of the green roof sites
and of the concrete detention basin. Although underdrain systems and pipes may stretch beyond
the actual footprint of the site, since they are necessary components for providing stormwater
management services, they were also included in the material inventories for each site. Tables 9,
11, and 13 list the actual names of the processes chosen from the Ecoinvent data library to
represent the inventory amounts that are listed in Tables 8, 10, and 12, respectively. Tables 8, 10,
and 12 list the total inventory amounts for each construction material on a per-site basis as
calculated from the engineering plans provided for each site. In Tables 8, 10, and 12, material
amounts are reported as the total unit amount per total m 2 of surface area of each site.
Table 8: Estimated Total Quantities of Material Inputs for Each Rain Garden Site
Perkins Green Institute Hall
Broccolo
Inventory Material Type [units]
Rain Garden
Rain Garden Rain Garden
Sand [kg]
6,590
181,230
65,900
Native Soil [kg]
5,970
164,150
59,690
Crushed Gravel and Washed Stone [kg]
10,050
337,940
85,450
Bark Mulch [kg]
680
24,860
0
Compost [kg]
940
25,780
9,370
Aluminum [kg]
0.0158
0.0465
0
Polypropylene-Based Geotextile Fabric Layer [kg]
0
90
0
Small Herbaceous Plants [number of plants]
40
400
400
Small Woody Shrubs [number of plants]
2
25
5
Concrete [kg]
286
1,360
0
High Density Polyethylene (HDPE) Pipe [kg]
0
790
0
Steel Corrugated Metal Pipe [kg]
1,070
0
0
Tables 9, 11, and 13 show the results of normalization of each of those raw material per
site inventory amounts using the functional unit so that all materials are reported in Tables 9, 11,
and 13 as the material amount per 1 m2 of impervious drainage area. The values and Ecoinvent
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data library input names which are listed in Tables 9, 11, and 13 are the values which were used
to construct the LCA model in SimaPro.
Table 9: SimaPro Inputs from Technosphere Chosen from Ecoinvent v.3 Data Library to Represent Rain
Garden Site Material Quantities per m2 of Impervious Drainage Area Functional Unit
Perkins
Institute
Broccolo
Name of Input from Ecoinvent
Inventory Material Type
Green Rain Hall Rain
Rain
v3 Database Chosen to
[units]
Garden
Garden
Garden
Represent Inventory Material
(/100 m2) (/2,750 m2) (/1,000 m2)
Sand {RoW}| gravel and quarry
Sand [kg]
65.9
65.9
65.9
operation | Cut-off, U
Crushed Gravel and Washed Gravel, crushed
100.5
122.9
85.45
Stone [kg]
{RoW}|production | Cut-off, U
Wood chips, wet, measured as
dry mass {RoW}| wood chips
Bark Mulch [kg]
6.8
9.04
0
production, softwood, at
sawmill | Cut-off, U
Compost {GLO}| market for |
Compost [kg]
9.4
9.37
9.37
Cut-off, U
Aluminum, cast alloy {GLO}|
Aluminum [kg]
0.000158
1.69E-05
0
market for | Cut-off, U
Polypropylene-Based
Polypropylene, granulate
0
0.0327
0
Geotextile Fabric Layer [kg] {GLO}|market for | Cut-off, U
Mint seedling, for planting
Small Herbaceous Plants
{US}| mint seedling production,
0.4
0.145
0.400
[number of plants]
for planting | Cut-off, U
Tree seedling, for planting
Small Woody Shrubs
{RoW}| tree seedling
0.02
9.09E-03
0.005
[number of plants]
production, in heated
greenhouse | Cu-off, U
Concrete, normal {RoW}|
unreinforced concrete
Concrete [kg]
2.86
0.495
0
production, with cement CEM
II/A | Cut-off, U
Polyethylene, high density,
granulate, recycled {US}|
High Density Polyethylene
polyethylene production, high
0
0.287
0
(HDPE) Pipe [kg]
density, granulate, recycled |
Cut-off, U
Steel Corrugated Metal Pipe Steel, chromium steel 18/8
10.7
0
0
[kg]
{GLO}| market for | Cut-off, U
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Table 10: Estimated Total Quantities of Material Inputs for Vegetated Swale and Wet Pond Sites
Perkins
Turning Point
RIT S-Lot
Inventory Material Type [units]
Green Swale
Park Swale
Wet Pond
Sand [kg]
642,540
150,240
0
Native Soil [kg]
970,000
51,400
- 3,456,750
Crushed Gravel [kg]
599,830
74,590
0
Bark Mulch [kg]
462,760
14,010
0
High Density Polyethylene (HDPE) Pipe [kg]
730
360
3,080
Concrete [kg]
0
0
26,920
Polypropylene-Based Geotextile Fabric Layer [kg]
380
0
0
Trees and Shrubs [number of plants]
132
13
40
Small Herbaceous Plants [number of plants]
1800
200
180
Aluminum Drain Strainer Box [kg]
0
0
420
Steel [kg]
0
0
120
PVC Pipe [kg]
0
0
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All plant quantities were determined from the planting plans included with site design
documents. Although it is possible that over time some of the plants did not survive or were
removed and replaced with new plant species, the planting plans were adequate for determining
the number of plants used in the initial construction phase. The LCI library offered a very limited
variety of plant species data, so several substitutions were necessary when adding plants to the
construction phase inventory. It was decided that of all available plant species and growing
processes, the closest approximation for small herbaceous plants and green roof Sedum spp.
plants would be an Ecoinvent dataset involving the production of one mint seedling at a plant
nursery in the United States. This dataset includes every process involved in growing a mint
seedling for one year starting with the cultivation of the soil and ending with the harvesting of
seedlings to be sold for planting, and it was chosen due to the presumed similarity between the
mint production processes and the processes used for production of the plant species planted at
the green infrastructure sites. All tree saplings and woody shrubs planted at the sites were
represented by an Ecoinvent dataset which includes all processes (e.g., soil cultivation,
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fertilization, material transport, etc.) and materials (e.g., HDPE plastic growing trays, cardboard
plant boxes, etc.) associated with the production of tree seedlings in a heated greenhouse.
Table 11: SimaPro Inputs from Technosphere Chosen from Ecoinvent v.3 Data Library to Represent
Vegetated Swale and Wet Pond Site Material Quantities per 1 m 2 of Impervious Drainage Area Functional
Unit
Perkins
Turning
Name of Input from Ecoinvent
RIT S-Lot
Green
Point Park
Inventory Material Type
v3 Database Chosen to
Wet Pond
Swale
Swale
[units]
Represent Inventory Material
(/78,000
m 2)
(/11,700 m2) (/1,550 m2)
Sand {RoW}| gravel and quarry
Sand [kg]
5.35
96.9
0
operation | Cut-off, U
Gravel, crushed
Crushed Gravel [kg]
51.3
48.1
0
{RoW}|production | Cut-off, U
Wood chips, wet, measured as
dry mass {RoW}| wood chips
Bark Mulch [kg]
39.6
9.04
0
production, softwood, at
sawmill | Cut-off, U
Polyethylene, high density,
High Density Polyethylene
granulate {RoW}| production |
0.0624
0.232
0.0395
(HDPE) Pipe [kg]
Cut-off, U
Concrete, high exacting
requirements {RoW}| concrete
Concrete [kg]
production, for building
0
0
0.345
construction, with cement CEM
II/A | Cut-off, U
Polypropylene-Based
Polypropylene, granulate
0.0325
0
0
Geotextile Fabric Layer [kg] {GLO}| market for | Cut-off, U
Tree seedling, for planting
Trees and Shrubs
{RoW}| tree seedling
0.0113
0.00839
5.13E-04
[number of plants]
production, in heated
greenhouse | Cut-off, U
Mint seedling, for planting
Small Herbaceous Plants
{US}| mint seedling production,
0.154
0.129
2.31E-03
[number of plants]
for planting | Cut-off, U
Aluminum Drain Strainer
Aluminium, cast alloy {GLO}|
0
0
5.38E-03
Box [kg]
market for | Cut-off, U
Reinforcing steel {GLO}|
Steel [kg]
0
0
1.54E-03
market for | Cut-off, U
Polyvinylchloride, suspension
PVC Pipe [kg]
polymerized {GLO}| market for
0
0
1.10E-03
| Cut-off, U
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Table 12: Estimated Total Quantities of Material Inputs for Green Roof Sites and Hypothetical Gray
Infrastructure Scenario
Broccolo
GIS Green
Concrete
Inventory Material Type [units]
Green Roof
Roof
Detention
Sand [kg]
1,830
128,970
0
Crushed Gravel and Crushed Stone [kg]
0
68,530
3,740
Sedum and Small Herbaceous Plants [number of plants]
4,320
17,690
0
Coconut Coir Base of Sedum Planting Trays) [kg]
0
4,160
0
Heat Expanded Shale [kg]
2,150
145,640
0
Compost [kg]
130
11,800
0
Peat Moss [kg]
78
170
0
Polypropylene-Based Geotextile Fabric Layers [kg]
10
208,900
z10
Rubber Roofing Membrane [kg]
130
0
0
Extruded Polystyrene Insulation [kg]
0
3,950
0
Thermoplastic Polyolefin Roofing Membrane [kg]
0
1,150
0
Synthetic Rubber Adhesive [kg]
0
0.946
0
Concrete Roof Tiles [kg]
0
11,880
21,980
Polyethylene Terephthalate (PET) Fleece [kg]
0
790
0
Aluminum (roof garden edges + strainer box) [kg]
0
420
0
Rubberized Asphalt Roofing Membrane [kg]
0
4,090
0
Bituminous Deck Primer [kg]
0
0.000279
0
Polyurethane Foam Insulation [kg]
0
19
0
High Density Polyethylene (HDPE) Pipes [kg]
470
0
0
Steel Rebar [kg]
0
0
1,200
For consistency between sites, it was assumed that any topsoil, for example to be used in
a soil media mix, was sourced from on-site excavation; therefore, soil masses listed in the
material inventories of Tables 8, 10, and 12 were not actually included as material inputs for the
construction phase. The masses of soil media components, mulch, and drainage material layers
(e.g., crushed gravel) were calculated first as volumes using engineering plans and crosssectional drawings showing the depth of gravel and soil layers at each site. When sizing or depth
information was not available from engineering plans, the New York State Stormwater Design
Manual (2007) was also used as a reference for soil media depth and mulch depth guidelines and
for recommended ratios of soil media components. For example, Chapter 5 of the NYS
Stormwater Design Manual recommends that rain gardens be constructed with a 1-1.5 foot layer
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of a soil media mix that is composed of 50%-70% sand, 30%-50% topsoil, and an average of 5%
organic material (NYS DEC, 2015b). Percentages of soil media components were used to
determine the volume of each component within the total volume of soil. After determining the
volume of soil components, gravel, and stone materials at each site; bulk density data was used
to convert volume to material mass in kg to be input into SimaPro. Mulch was represented by an
Ecoinvent dataset for softwood woodchips produced as a by-product of sawmill activities.
Additionally, the heat-expanded shale component of the green roof soil media was replaced with
the roughly synonymous process of heat-expanded clay production. Both expanded shale and
expanded clay can be used to make the lightweight soil aggregates commonly found in green
roof soil media.
Table 13: SimaPro Inputs from Technosphere Chosen from Ecoinvent v.3 Data Library to Represent
Green Roof and Concrete Detention Basin Gray Infrastructure Scenario Material Quantities per m 2
of Impervious Drainage Area Functional Unit
Name of Input from Ecoinvent v3
Broccolo
GIS Green
Concrete
Inventory Material
Database Chosen to Represent
Green Roof
Roof
Detention
Type [units]
Inventory Material
(/100 m2)
(/860 m2)
(/1275 m2)
Sand {RoW}| gravel and quarry
Sand [kg]
18.3
150
0
operation | Cut-off, U
Crushed Gravel and
Gravel, crushed
0
79.7
2.93
Crushed Stone [kg]
{RoW}|production | Cut-off, U
Sedum and Small
Mint seedling, for planting {US}|
Herbaceous Plants
mint seedling production, for
43.2
20.6
0
[number of plants]
planting | Cut-off, U
Coconut Coir Base of
Coconut husk {GLO}| market for
Sedum Planting Trays)
0
4.84
0
coconut husk | Cut-off, U
[kg]
Heat Expanded Shale
Expanded clay {GLO}| market
21.5
169
0
[kg]
for | Cut-off, U
Compost {GLO}| market for |
Compost [kg]
1.30
13.7
0
Cut-off, U
Peat {RoW}| production | CutPeat Moss [kg]
0.780
0.198
0
off, U
Polypropylene-Based
Polypropylene, granulate {GLO}|
Geotextile Fabric
0.100
243
7.84E-03
market for | Cut-off, U
Layers [kg]
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Rubber Roofing
Membrane [kg]
Extruded Polystyrene
Insulation [kg]

Thermoplastic
Polyolefin Roofing
Membrane Production
[kg]

Synthetic Rubber
Adhesive [kg]
Concrete Roof Tiles
[kg]
Polyethylene
Terephthalate (PET)
Fleece [kg]
Aluminum (roof garden
edges + strainer box)
[kg]

Synthetic rubber {GLO}| market
for | Cut-off, U
Polystyrene, extruded {RoW}|
polystyrene production, extruded,
HFC-152a blown | Cut-off, U
 75% Polypropylene, granulate
{GLO}| market for | Cut-off,
U
 25% Synthetic rubber
{RoW}| production | Cut-off,
U
 Process: Thermoforming,
with calendaring {GLO}|
market for | Cut-off, U
Bitumen adhesive compound hot
{GLO}| market for | Cut-off, U
Concrete roof tile {RoW}|
production | Cut-off, U

1.30

0

0

0

4.59

0

0

1.34

0

0

1.10E-03

0

0

13.8

17.2

Fleece, polyethylene {GLO}|
market for | Cut-off, U

0

0.919

0

Aluminium, cast alloy {GLO}|
market for | Cut-off, U

0

0.488

0



80% Bitumen adhesive
compound, hot {RoW}|
production | Cut-off, U [kg]
0
4.76
0
 20% Synthetic rubber {GLO}|
market for | Cut-off, U
Bituminous Deck
Bitumen seal {GLO}|market for |
0
3.20E-07
0
Primer [kg]
Cut-off, U
Polyurethane, flexible foam
Polyurethane Foam
{RoW}| market for polyurethane,
0
0.0221
0
Insulation [kg]
flexible foam | Cut-off, U
Polyethylene, high density,
High Density
granulate, recycled {US}|
Polyethylene (HDPE)
polyethylene production, high
4.70
0
0
Pipes [kg]
density, granulate, recycled | Cutoff, U
Reinforcing steel {GLO}| market
Steel Rebar [kg]
0
0
0.941
for | Cut-off, U
Due to limitations in the dataset library, and following the precedents set by studies such
Rubberized Asphalt
Roofing Membrane
[kg]

as those by Bhatt et al. (2019) and Flynn & Traver (2013), several material production processes
were simplified: the high density polyethylene (HDPE) pipes were represented by production of
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HDPE material and the polyvinyl chloride (PVC) pipes were represented by production of PVC
material, disregarding the processes used to produce the pipes; and similarly, the polypropylenebased geotextile fabric layer was represented by the production of polypropylene. Rubber
roofing membrane from the Broccolo Garden Center Green Roof was also simply represented by
using data for the processes involved in synthetic rubber production. This simplification was
necessary due to the lack of data for processes such as weaving the geotextile fabric and forming
the pipes. Additionally, a dataset for gravel production was used to represent both crushed gravel
and washed stone. The GIS Green Roof site required two materials, hot applied rubberized
asphalt waterproofing and thermoplastic polyolefin roofing membrane, which could not be easily
substituted using alternatives available in the chosen LCI library. Instead, a process for
production of rubberized asphalt waterproofing membrane was created using synthetic rubber
production data and production data for a hot bituminous adhesive compound. Similarly, the
thermoplastic polyolefin roofing membrane was represented by a process block which included
production processes for a 3:1 ratio of polypropylene to synthetic rubber.
The underground pre-cast concrete detention basin was created as a hypothetical gray
infrastructure scenario for comparison to the green infrastructure sites included in this study. The
basin is located under a parking lot and is designed to capture and detain stormwater runoff. The
detention basin in this scenario is designed as a row of box culvert style chambers which are
open on two ends. In order to ensure that the capacity of the concrete detention basin would be
roughly equivalent to that of the other sites, it was sized to collect and store runoff from an
impervious drainage area of 1275 m2 which is the median of the impervious drainage areas
treated by the 8 other sites. This drainage area was used to calculate the maximum required
detention volume for a detention basin with approximately constant outflow. The required
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detention volume, along with assumed values for parking lot slope and pavement depth, were
used to calculate the dimensions of a concrete detention basin which could handle the required
detention volume of parking lot stormwater runoff. This calculation was conducted using the
Precast Concrete Basin Calculator which was developed by the National Precast Concrete
Association Stormwater Management Committee (National Precast Concrete Association, n.d.).
These dimensions were used to determine the masses of the concrete and steel rebar used to
construct the basin. These material masses used to construct the structure of the pre-cast concrete
detention basin, along with the quantity of washed stone fill used to surround the detention basin
are listed in Table 12, and the amounts normalized on a per 1 m 2 of impervious drainage area by
dividing by 1275 m2 are listed in Table 13.
3.3 b Process Inventories
A list of all transportation, construction and decommissioning processes are listed in Table 11.
Many assumptions were required for these processes due to a lack of records of material sources
and transportation distances between sources and construction sites and due to the limited
availability of applicable construction processes in the Ecoinvent database. All of the green
infrastructure sites are between 5 and 20 km away from local greenhouses and plant nurseries,
suppliers of construction materials including HDPE pipes, and quarries known to supply
concrete and all of the raw aggregate materials necessary for the sites. For this reason, it is
known that all sites are at least 20 km from possible suppliers, and it is assumed that the
transportation distance from source to construction site is 20 km. This distance was multiplied by
the total mass in tons of all transported material to calculate the transportation values in ton km
which are shown in Table 14. The values shown in Table 14 are normalized based on the
functional unit so they are reported as amount per m 2 of impervious drainage area of each site.
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Similarly, Table 15 lists the inventory of maintenance processes for each site. Several sites were
so small that it was assumed that no mowing or landscaping besides occasional hand pulling of
small weeds was needed to maintain them. Generally, as is listed in Table 15, it was assumed
that all sites except for the extremely small rain garden at Perkins Green, the two green roof
sites, and the precast concrete detention basin would be mowed and landscaped twice annually
for about 3 hours during each landscaping session. Table 16 shows the actual process inputs
which were chosen from the Ecoinvent database to represent the process inventories listed in
Table 14 and 15.
Although there were many more processes involved in the actual construction of these
sites, there were only three process datasets available in the LCI libraries which were relevant to
the construction of the GI practices of this study: (1) excavation with a skid steer loader, (2)
excavation with a hydraulic digger, and (3) use of a small landscaping tractor for planting of
trees. Additionally, the use of a crane to lift the GIS Green Roof materials onto the roof and to
lift the precast concrete detention basin down into the excavated site was approximated with the
use of a high load factor, 74.57 kW diesel operated machine. Following the green infrastructure
LCA framework developed by Flynn & Traver (2013), for each of the excavated sites, 50% of
the removed soil was assumed to be excavated using the skid steer loader option, and the other
50% was assumed to be removed using the hydraulic digger. As was assumed by Bhatt et al.
(2019), since the end-of-life processes for these sites will not be known until they are disposed of
in the future and due to the current lack of information regarding the disposal of green
infrastructure practices, processes and transportation used for construction were assumed to be
the same for decommissioning but in reverse
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Table 14: Construction and Decommissioning Process Inputs Per m2 of Site Impervious Drainage Area
Process Amount [units] / Impervious
Site Name
Process Type
Drainage Area of Site [m2]
PG Rain Garden
Excavation with Skid Steer Loader
0.15 m 3 / 1 m2
0.02 trees / 1 m 2

PG Rain Garden

Plant Trees/Shrubs w/ Landscaping Tractor

PG Rain Garden

Freight Material Transport (16-32 MT)

IH Rain Garden

Excavation with Skid Steer Loader

0.0713 m 3 / 1 m2

IH Rain Garden

Excavation with Hydraulic Digger

0.0713 m 3 / 1 m2

IH Rain Garden

Plant Trees/Shrubs w/ Landscaping Tractor

IH Rain Garden

Freight Material Transport (16-32 MT)

BR Rain Garden

Excavation with Skid Steer Loader

BR Rain Garden

Plant Trees/Shrubs w/ Landscaping Tractor

BR Rain Garden

Freight Material Transport (16-32 MT)

PG Swale

Excavation with Skid Steer Loader

0.0915 m 3 / 1 m2

PG Swale

Excavation with Hydraulic Digger

0.0915 m 3 / 1 m2

PG Swale

Plant Trees/Shrubs w/ Landscaping Tractor

0.0113 trees / 1 m 2

PG Swale

Freight Material Transport (16-32 MT)

5.04 ton-km / 1 m 2

TPP Swale

Excavation with Skid Steer Loader

0.0639 m 3 / 1 m2

TPP Swale

Excavation with Hydraulic Digger

0.0639 m 3 / 1 m2

TPP Swale

Plant Trees/Shrubs w/ Landscaping Tractor

TPP Swale

Freight Material Transport (16-32 MT)

S-Lot Wet Pond

Excavation with Skid Steer Loader

0.0102 m 3 / 1 m2

S-Lot Wet Pond

Excavation with Hydraulic Digger

0.0102 m 3 / 1 m2

S-Lot Wet Pond

Plant Trees/Shrubs w/ Landscaping Tractor

S-Lot Wet Pond

Freight Material Transport (16-32 MT)

8.65E-03 ton-km / 1 m 2

BR Green Roof

Freight Material Transport (16-32 MT)

1.06 ton-km / 1 m 2

GIS Green Roof

Use of Crane to Transport to Roof

GIS Green Roof

Freight Material Transport (16-32 MT)

Concrete Detention

Excavation with Skid Steer Loader

0.153 m 3 / 1 m2

Concrete Detention

Excavation with Hydraulic Digger

0.153 m 3 / 1 m2

Concrete Detention

Freight Material Transport (16-32 MT)

0.466 ton-km / 1 m 2

Concrete Detention

Crane Use to Lift/Place Pre-Cast Basin

7.84E-04 hr / 1 m 2

4.32 ton-km / 1 m 2

9.09E-03 trees / 1 m 2
5.90 ton-km / 1 m 2
0.142 m 3 / 1 m2
5.00E-03 trees / 1 m 2
4.86 ton-km / 1 m 2

8.39E-03 trees / 1 m 2
4.13 ton-km / 1 m 2

5.13E-04 trees / 1 m 2

0.0186 hr / 1 m 2
15.1 ton-km / 1 m 2
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It was assumed that the same amount of soil media would be excavated and removed as

was excavated during site construction and that the distance from site to disposal would be
roughly the same (20 km) as the distance from construction material source to construction site.
Following the framework of the LCA study designed by Bhatt et al. (2019), it was assumed that
80% of the total materials would be recycled, and that of the remaining 20% , inert waste such as
gravel and soil aggregate components would go to an inert landfill and remaining waste would
be transported to a sanitary landfill for treatment.
Table 15: Inventory of Maintenance Processes
Site Name
Process Type
Process Frequency
Perkins Green Rain Garden None – site is very small, only requires occasional hand weeding
General Landscaping using Low Load
Twice annually, assume 3Institute Hall Rain Garden
Diesel Machine
hour operation each time
General Landscaping using Low Load
Twice annually, assume 3Broccolo Rain Garden
Diesel Machine
hour operation each time
General Landscaping using Low Load
Twice annually, assume 3Perkins Green Swale
Diesel Machine
hour operation each time
General Landscaping using Low Load
Twice annually, assume 3Turning Point Park Swale
Diesel Machine
hour operation each time
General Landscaping using Low Load
Twice annually, assume 3RIT S-Lot Wet Pond
Diesel Machine
hour operation each time
Broccolo Green Roof
None – site is very small, only requires occasional hand weeding
GIS Green Roof
None – site is very small, only requires occasional hand weeding
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Table 16: SimaPro Inputs from Technosphere Chosen from Ecoinvent v.3 Data Library to Represent
Construction, Maintenance, and Decommissioning Processes
Process Type
SimaPro Input Name
Excavation, skid-steer loader {RoW}|
Excavation with Skid Steer Loader
processing | Cut-off, U
Excavation, hydraulic digger {RoW}|
Excavation with Hydraulic Digger
processing | Cut-off, U
Plant Trees and Shrubs with Small Landscaping
Planting tree {RoW}| planting tree | Cut-off, U
Tractor
Transport, freight, lorry 16-32 metric ton,
Freight Material Transport by Truck (16-32 MT
euro3 {RoW}| market for transport, freight,
Capacity)
lorry 16-32 metric ton, EURO3 | Cut-off, U
Machine operation, diesel, > = 74.57 kW, high
Use of Crane: to Transport Materials to Rooftop and to
load factor {GLO}| machine operation, diesel,
Life and Place Pre-Cast Basin into Excavated Site
>= 74.57 kW, high load factor | Cut-off, U
General Landscaping using Low Load Diesel Machine Machine operation, diesel, < 18.64 kW, low
(e.g., small tractor, lawn mower, motorized cart, etc.)
load factor {GLO}| market for | Cut-off, U
3.3c: Inclusion of Rates of Greenhouse Gas Emissions and Carbon Sequestration
As listed in Table 17 and 18, emission rates for CH 4, CO2, and N2O and rates of carbon
sequestration were included for the operational phase of the life cycle of each site. Due to a lack
of CH4 emission rate data for rain gardens, CH4 and N2O emission rates were instead cited from
a study of mulched urban gardens which seemed to be very similar to the rain gardens included
in this study (Livesley et al., 2010). Rain garden CO 2 emission rates were sourced from a study
of roadside sand-based bioretention basins due to the similarity in the functioning and design
between bioretention basins and rain gardens (Shrestha et al., 2018). The same study was also
used as a source for the rate of N2O emission from rain gardens, and this value was averaged
with the N2O emission rate measured by Livesley et al. (2010). A very close representation of the
vegetated swale sites was found in a study of grass roadside ditches in Ithaca, New York; and the
emission rates of all three greenhouse gases were referenced from this study (L. E. McPhillips et
al., 2016). A study involving stormwater ponds was used as a reference for the emission rates of
96

all three greenhouse gases (Gorsky et al., 2019). Finally, green roof emission rates for all three
greenhouse gases were referenced from a study of green roofs located in a temperate climate
region of Estonia (Teemusk et al., 2019). These green roofs were comparable to the green roofs
of the current study, because they were constructed using a similar soil media mix containing
lightweight expanded clay aggregate (LECA) (Teemusk et al., 2019). The total lifespan of all
sites was assumed to be 30 years for comparison purposes, so these annual emission rates were
multiplied by 30 years.
Table 17: Inventory of Greenhouse Gas Emissions Estimated from Literature Review Findings
Literature Source
(if more than one
Emission
Greenhouse
source is listed,
Site Type
Rate
Details
Gas Type
emissions rate is the
-2
-1
(kg m yr )
mean of findings of
each source)
Mulched urban garden used to
Rain Garden
CH4
2.69E-04
(Livesley et al., 2010) represent rain garden sites;
Melbourne, Australia
Roadside sand-based
(Shrestha et al., 2018)
Rain Garden
CO2
1.70
bioretention used to represent
rain garden sites; Vermont, USA
Average emissions rates from
(Livesley et al., 2010), roadside bioretention basin in
Rain Garden
N2 O
1.05E-04
(Shrestha et al., 2018) Vermont, USA and mulched
urban garden in Melbourne,
Australia
(L. E. McPhillips et
Grassed roadside ditches; Ithaca,
Vegetated Swale
CH4
0.00547
al., 2016)
NY, USA
(L. E. McPhillips et
Grassed roadside ditches; Ithaca,
Vegetated Swale
CO2
0.858
al., 2016)
NY, USA
(L. E. McPhillips et
Grassed roadside ditches; Ithaca,
Vegetated Swale
N 2O
2.63E-05
al., 2016)
NY, USA
Average of 15 stormwater ponds
Wet Pond
CH4
0.132
(Gorsky et al., 2019)
in Virginia, USA
Average of 15 stormwater ponds
Wet Pond
CO2
0.548
(Gorsky et al., 2019)
in Virginia, USA
Average of 15 stormwater ponds
Wet Pond
N2O
4.20E-03
(Gorsky et al., 2019)
in Virginia, USA
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Green Roof

CH4

-2.01E-05

(Teemusk et al., 2019)

Green Roof

CO2

0.180

(Teemusk et al., 2019)

Green Roof

N 2O

9.37E-06

(Teemusk et al., 2019)

Green roof lightweight expanded
clay aggregate (LECA) soil
media mix; temperate climate;
Tallinn, Estonia and Tartu,
Estonia
Green roof (LECA) soil media
mix; temperate climate; Tallinn,
Estonia and Tartu, Estonia
Green roof (LECA) soil media
mix; temperate climate; Tallinn,
Estonia and Tartu, Estonia

Table 18: Inventory of Carbon Sequestration Estimated from Literature Review Findings
Literature Source
Details
Carbon
(if more than one literature
(Assume that annual C
Sequestration
Site Type
source is listed, C
sequestration rates are the same
Rate
sequestration rate is the mean
for 30 years unless noted in the
(kg C m-2 yr-1)
of the findings of each source)
extra details below)
Domestic garden planted with
Rain Garden
22.92
(Whittinghill et al., 2014)
perennials and grasses; Michigan,
USA
After year 21.5 C sequestration
Vegetated
0.099
(Bouchard et al., 2013)
rate drops to 0 kg C m-2 yr-1;
Swale
North Carolina, USA
Vegetated zones of wet pond
Vegetated
(Merriman et al., 2017),
edge; both C sequestration rates
Zones of Wet
0.080
(Moore & Hunt, 2012)
were measured from ponds in
Pond Site
North Carolina, USA
Open Water
Non-vegetated, open water zones
Zones of Wet
0.018
(Moore & Hunt, 2012)
of wet pond; North Carolina,
Pond Site
USA
Authors estimated rate based on
review of extensive green roof
Green Roof
0.2
(Moore & Hunt, 2013)
data; assumed to shift to 0 kg C
m-2 yr-1 after the first two years;
Michigan, USA
Carbon sequestration rates were also taken from the literature, as referenced in Table 14.
Again, due to a lack of direct measurements of carbon sequestration rates for rain gardens,
sequestration rates were instead found in a study of domestic gardens planted with perennial
plants and grasses (Whittinghill et al., 2014). For vegetated swales and green roofs, carbon
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sequestration rates were directly available, and in both of these studies, the researchers were able
to identify the ‘plateau year’ when carbon sequestration stopped (year 21.5 for the swales and
after year 2 for the green roofs). For these two types of sites, carbon sequestration rates were
multiplied by the number of years before the plateau year instead of by the entire 30-year
lifespan.
3.3 d: Inclusion of Disposal Processes During the Decommissioning Stage
Due to the lack of available data and recommendations regarding disposal practices for
green infrastructure, the decommissioning stage is entirely constructed of assumptions. In
addition to the assumed decommissioning transport distances which are listed in Table 14 and
which are assumed to be the same as construction material transport distances, an LCA study
conducted by Bhatt et al. (2019) was used as a case study reference for making assumptions
about the percentage of materials which could realistically be recycled upon decommissioning of
a green infrastructure site. In the hypothetical decommissioning scenario, it was assumed that
80% of the total materials recovered from the site are recycled. This is accounted for by
subtracting this portion of the materials from the total output to the technosphere. The remaining
20% of the total materials removed from the site were classified as either inert waste to be sent to
the inert landfill or as mixed plastic (non-inert due to potential for reactiveness and degradation)
to be sent to the sanitary landfill. The total amounts of inert waste and sanitary waste per total
surface area of each site are listed in Table 19. For construction of the LCA model, the values
listed in Table 19 were further normalized according to the functional unit by dividing each of
the waste masses by the total impervious drainage area of each site in order to calculate the total
masses of inert and sanitary waste per 1 m2 of impervious area drained by each site.
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Table 19: Landfill Disposal Amounts and Process Names for Each Site (kg of waste / total m 2
of site surface area)
SimaPro Process Name: Inert SimaPro Process Name: Waste
waste, for final disposal
plastic, mixture {RoW}|
SimaPro Process Name:
{RoW}| treatment of inert
treatment of waste plastic,
waste, inert material landfill | mixture, sanitary landfill | CutCut-off, U
off, U
Total Amount of Inert Waste Total Amount of Sanitary Waste
Site Name
(kg)
(kg)
Perkins Green Rain Garden
3923
0
Institute Hall Rain Garden
114234
176
Broccolo Rain Garden
32144
0
Perkins Green Swale
341026
222
Turning Point Park Swale
47768
72
RIT S-Lot Wet Pond
5492
633
Broccolo Green Roof
838
122
GIS Green Roof
74314
43780
Concrete Detention Basin
5384
0
3.4 Life Cycle Impact Assessment (LCIA)
This impact assessment was conducted using a midpoint oriented LCIA methodology
available in SimaPro software called the Tool for the Reduction and Assessment of Chemical and
Other Environmental Impacts (TRACI 2.1). TRACI was developed by the U.S. Environmental
Protection Agency for use in assessment of United States specific LCA inputs. When compared
to endpoint oriented LCIA, mid-point methods yield a larger set of impact category results,
which adds valuable information to the comparison of tradeoffs. In this case, TRACI was used to
examine 10 impact categories: ozone depletion, global warming, smog, acidification,
eutrophication, carcinogenic human health impacts, non-carcinogenic human health impacts,
respiratory effects, ecotoxicity, and fossil fuel depletion. Depending on the design priorities for a
green infrastructure site, results showing the magnitude of each of these impact categories can be
used to weigh the tradeoffs between different types of green infrastructure to guide choices for
avoidance of various impacts.
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Individual sites are compared on the basis of the earlier defined functional unit of “1 m 2
of impervious drainage area treated by the green infrastructure practice.” For each of the ten
impact categories, magnitude of the impacts caused by the total life cycle (including the
construction, operation and decommissioning phases) were compared between sites. Figure 9
shows the results of this comparison for the four impact categories related to human health and
respiration: respiratory effects (kg PM2.5 eq.), Smog (kg O3 eq.), carcinogenic human health
effects (CTUh), and non-carcinogenic human health effects (CTUh). Figure 10 shows the results
of the impact assessment for the environmental health impact categories: global warming
potential (kg CO2 eq.), ozone depletion (kg CFC-11 eq.), acidification (kg SO2 eq.),
eutrophication (kg N eq.), fossil fuel depletion (MJ surplus), and ecotoxicity (CTUe). In relation
to the other sites, the green roof at the Golisano Institute for Sustainability (GIS) was found to
cause much higher negative total life cycle impacts for all impact categories (Figures 9, 10).
Although the total impacts caused by the GIS Green Roof were significantly higher than those
caused by the other sites for all categories, the ozone depletion impact caused by the life cycle of
the Perkins Green Vegetated Swale was only about 10 times smaller than that of the GIS Green
Roof (Figure 10). The Perkins Green Vegetated Swale also had the second highest impacts for
categories including acidification, eutrophication, respiration, smog production, and noncarcinogenic human health impacts (Figures 9, 10). Although much lower than the carcinogenic
impact caused by the GIS Green Roof, the total life cycle of Perkins Green Rain Garden created
the second highest carcinogenic human heath impact of all sites. The wet pond at RIT S-Lot
parking lot was the second highest producer of ecotoxicity impact but had a significantly lower
ecotoxicity impact than the GIS Green Roof.
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Figure 9: Impact characterization of each site for impact categories involving human health impacts: A)
Respiratory Effects (kg PM2.5 eq.), B) Smog (kg O3 eq.), C) Carcinogenic Human Health Effects
(CTUh), D) Non-Carcinogenic Human Health Effects (CTUh); using characterization factors provided
by Tool for Reduction and Assessment of Chemicals and Other Environmental Impacts (TRACI)
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Figure 10: Impact characterization of each site for impact categories involving environmental
impacts: A) Global Warming Potential (kg CO2 eq.), B) Ozone Depletion (kg CFC-11 eq.), C)
Acidification (kg SO2 eq.), D) Eutrophication (kg N eq.), E) Fossil Fuel Depletion (MJ surplus), F)
Ecotoxicity (CTUe); using characterization factors provided by Tool for Reduction and Assessment
of Chemicals and Other Environmental Impacts (TRACI)
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The percentage that each of the three life cycle phases contributes to the total relative
impact of each site (presented as life cycle phase proportions of 100% of the relative impacts
produced by the site) is shown in Figure 11. The operational phase was the highest contributor to
the total life cycle relative impacts at four sites: the Broccolo Garden Center Rain Garden, the
Institute Hall Rain Garden, the Turning Point Park Swale, and the RIT S-Lot Wet Pond. The
decommissioning phase contributed most to the total life cycle of the concrete detention basin.
There was a roughly equal percent contribution to total life cycle by the construction and
decommissioning processes for both the GIS Green Roof and the Perkins Green Swale. The
construction phase contributed most highly to the life cycles of the Broccolo Green Roof and the
Perkins Green Rain Garden.

Figure 11: Percent contribution of each of the three life cycle stages:
construction (blue bars), operation (orange bars), and decommissioning (gray
bars) to the total relative percent impact of each site
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Construction processes and transportation were assumed to be equal for both the
construction and decommissioning phase with the main difference being material inputs for the
construction phase and recycling and disposal process for the decommissioning phase. This
suggests that for the concrete detention basin life cycle where decommissioning impacts were
most dominant, the landfill disposal processes contributed more highly than materials and
construction processes to the total relative impact of implantation of the site. For the sites with
the highest percent impact contribution from the construction phase, the impacts of the materials
and construction processes were more negative than those caused by the waste disposal
processes.
However, due to the lack of recommendations or primary data regarding the
deconstruction of green infrastructure practices, the decommissioning phase was constructed
entirely of assumptions which adds a great deal of uncertainty to the true impact of the
decommissioning phase for these sites. For this reason, Figure 12 shows the relative percent
contribution of only the construction and operational phases with decommissioning impacts
omitted. Without the impacts of decommissioning, the total impacts of four of the sites are
impacted most highly by construction phase while site operation impacts contribute most highly
to the total impacts of five of the sites. With omission of decommissioning, the total impacts of
both the GIS Green Roof and the Concrete Detention Basin are nearly 100% caused during the
construction phase. Both the GIS Green Roof and Concrete Detention Basin are constructed
using large quantities of materials with high negative impacts, but their operational impacts are
low due to lower greenhouse gas emissions and fewer maintenance requirements. Conversely,
for the Broccolo Rain Garden and Turning Point Park Swale, nearly 100% of all life cycle
impacts are caused during the operational period. Broccolo Rain Garden and Turning Point Park
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Swale are both relatively low maintenance sites, but unlike the GIS Green Roof and underground
concrete detention basin they do require mowing and use of landscaping machinery. However,
their construction impacts are very low due to simple construction, the incorporation of fewer
materials, and the incorporation of materials with lower impacts.

Figure 12: Percent contribution of construction phase (blue bars) and
operation phase (orange bars) to the total relative impact of each site with
omission of the hypothetical decommissioning phase
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Figure 13: Percent contribution of the impacts of construction (orange bars) and operation (blue bars) life
cycle phases to the total impact of each impact category for all sites: A) Institute Hall Rain Garden, B)
Broccolo Garden Center Rain Garden, C) Perkins Green Rain Garden, D) Perkins Green Swale, E) Turning
Point Park Swale, F) RIT S-Lot Wet Pond, G) GIS Green Roof, H) Broccolo Garden Center Green Roof, I)
107
Concrete Detention Basin

Figure 13 shows the percent contribution of the construction and operation phases to the
total impacts of each site and for each impact category. For Institute Hall Rain Garden, all
impacts except for global warming potential are most influenced by the construction phase. In
addition to the Institute Hall Rain Garden Site, the operational phase, which includes
maintenance activities and greenhouse gas emissions, contributed most highly to the global
warming potential impacts of four other sites: Broccolo Rain Garden (~80%), Perkins Green
Swale (100%), Turning Point Park Swale (~75%), and S-Lot Wet Pond (~90%). The operational
phase also contributed slightly to the global warming impact of Perkins Green Rain Garden
(~8%) and Broccolo Green Roof (~12%). For all study sites except for the Perkins Green Swale,
and with the exception of the high contribution of operation processes to the global warming
impact category, operation generally contributed to just 20% or less of each impact category. At
Perkins Green Swale; however, there is a notably higher influence of the operation phase on the
ozone depletion (100%), global warming (100%), respiratory effects (> 95%), and ecotoxicity
(~95%) impact categories.
3.5: LCA Discussion
3.5a: Comparisons and Significant Interpretations
When comparing the total cradle-to-grave impacts of each study site, it is clear that the
GIS Green Roof caused the highest impacts for every impact category. The life cycle
components which contributed most significantly to the total impacts caused by the GIS Green
Roof were the production of the expanded clay component of the soil media mix, the production
of polypropylene for the polypropylene-based geotextile fabrics, the production of aluminum,
and the sanitary landfill processes used for treatment of the waste plastic mixture. The sanitary
landfill processes used to treat the plastic waste contributed most highly to the ecotoxicity,
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eutrophication, and non-carcinogenic human health impacts caused during the GIS Green Roof
life cycle. This may help to explain, in part, why the impacts of the GIS Green Roof are so much
higher than those of the other sites. According to site design plans, the GIS site incorporated a
much larger amount of polypropylene-based geotextile fabric per m 2 of impervious drainage area
than all other sites in order to add waterproofing layers beneath and between the concrete pavers
and green roof planting beds. This led to polypropylene production having the largest
contribution towards the negative impacts produced by the GIS Green Roof. The extensive use
of polypropylene-based geotextile fabric also meant that in the end-of-life scenario, all of the
decommissioned polypropylene materials were sent with the mixed plastic waste to be treated at
the sanitary landfill leading to greater negative impacts than those caused by the disposal of inert
wastes. Additionally, the soil substrate of the GIS green roof site differs from that of the rain
gardens and swales due the incorporation of expanded clay soil aggregate. Although expanded
clay and expanded shale are lightweight and durable and are ideal for use in green roof garden
soil, the production of expanded clay had the second highest contribution towards the total
impacts of the GIS Green Roof. In contrast, the rain garden and swale sites were composed of a
mixture of organic material, sand, and of native soil which was assumed to have no negative
impact since it was sourced during site excavation. Similar to the GIS Green Roof, expanded
clay had the highest total contribution to most of the categories of negative impacts produced by
the Broccolo Green Roof.
With the omission of the hypothetical decommissioning scenario, the operational phase
had a disproportionately large contribution to the total global warming impact category for the
majority of the sites. This contribution of the operational phase to the global warming impact
was especially evident in the S-Lot Wet Pond, in the two vegetated swale sites, and at two of the
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rain garden sites: Broccolo Garden Center Rain Garden and Institute Hall Rain Garden. This is
likely due to the soil greenhouse gas emissions for each of these sites – all of which were
referenced from the literature and which were higher than the typical literature values for green
roof greenhouse gas emissions. In contrast, nearly 100% of the total life cycle impacts (without
the inclusion of the decommissioning scenarios) of the subsurface concrete detention basin and
of the GIS Green Roof were caused by the construction phase which included material transport,
material production, and construction processes. These two sites were the only sites that required
the use of a crane to lift materials, and both were constructed of large quantities of materials
associated with greater negative impacts. As predicted, the total impacts of the sites which
incorporated the most materials and the most intensive construction processes tended to be
caused mainly during the construction period, with operation having a negligible contribution.
Sites which required simpler construction process, which used fewer materials, and which
incorporated a greater percentage of materials that qualified for disposal at the inert waste
landfill tended to have lower overall impacts. Additionally, the total impacts of these sites tended
to be more highly influenced by the contributions of the operational phase, mainly due to the
avoidance of impacts caused by heavy machinery emissions, by treatment of plastic waste at the
sanitary landfill, and by the production of high-impact materials. Therefore, the high percent
contribution of the operation phase to the total relative impacts of these sites was mainly due to
the material, construction, and disposal phases being so low that operation produced a higher
percentage of the total life cycle impacts.
Finally, when compared to the green infrastructure sites, the gray infrastructure scenario
involving a precast concrete detention basin capturing parking lot runoff produced levels of
relative impacts for all categories that were similar in magnitude to those produced by Turning
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Point Park Swale, Broccolo Rain Garden, and Broccolo Green Roof. Although very small when
compared to the impacts produced by the GIS Green Roof life cycle, when comparing all
impacts produced by the concrete detention basin, carcinogen production was slightly higher
than the others, due mainly to the carcinogenic impacts associated with background processes for
production of the steel rebar for basin wall reinforcement and production of concrete. The
concrete detention basin was included as a point of comparison between gray and green
infrastructure, and overall, it doesn’t seem to be a bad option in terms of the avoidance of
negative impacts. However, it’s important to remember that since the concrete detention basin is
only meant to store and slowly release runoff, it is not considered to be an adequate water quality
treatment method. Therefore, although the concrete detention basin had levels of negative
impacts that were similar to those produced by many of the green infrastructure sites, the
concrete detention basin is not capable of producing many of the positive impacts that are
associated with the green infrastructure practices.
3.5b: Uncertainty Considerations
Many assumptions were necessary for the completion of this life cycle assessment due to
a lack of comprehensive information about some construction processes and materials. Due to
limitations of the Ecoinvent data library, many construction and maintenance processes were
ultimately omitted from the scope of the study based on the framework provided by other similar
LCA studies. Additionally, since most GI sites are new enough that they have not reached the
end of their useful life, there are no official guidelines about best disposal practices or about the
standard lifetime of various types of green infrastructure, leading to the necessity for making
assumptions when considering a potential end-of-life scenario. Therefore, additional sources of
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uncertainty were the assumptions made about the length of productive life of each site and about
the actual disposal processes required for the decommissioning of each site.
Although site engineering drawings and/or information directly sourced from the site
owners were available, there are a lot of potential unknowns regarding the specific materials
used for construction. For example, although it was possible to calculate the mass of gravel in the
site; without receipts or detailed construction records, it was impossible to know where the
materials were sourced. Although assumptions of distance between material source and
construction site were made based on prioritizing sourcing from the closest possible
manufacturers to each site, it is possible that other factors besides location may have come into
play, such as existing contracts between contractors and suppliers and lower costs of materials
from a source that is farther away than the assumed distance.
The GIS Green Roof impacts were extremely high compared to those of the other sites.
This is partially due to the low ratio of surface area to impervious drainage area that is able to be
treated at green roofs, and also partially due to the large volume of high-impact materials
incorporated at the GIS Green Roof site; but the uncertainty surrounding many of the
construction and decommissioning processes may also contribute to the GIS Green Roof impact
results. Additionally, the GIS Green Roof has many beneficial functions that are simply not
included in the scope of this project. For example, the roof provides the general functionality of a
roof by shielding the building from weather, green roofs are able to provide additional energy
savings by contributing to the cooling of indoor temperatures of the building below, and there are
also additional features at the GIS Green Roof sites such as rainwater harvesting systems whose
beneficial impacts are excluded from this study. Therefore, although the negative impacts of the
GIS Green Roof site appear to be very high, there are many potential factors that could
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contribute to offsetting a large portion of the negative impacts that were measured during this
study.

Chapter 4: Conclusions
All GI types included in this study had benefits and short comings, and the high
variability between the green infrastructure categories assessed during this study suggests that
individual site conditions and design considerations are more influential than GI category in
determining the degree of ecosystem services and disservices provided by the sites.
According to the results of the life cycle impact assessment, the GIS Green Roof
produced the highest impacts per m2 of impervious drainage area for all impact categories
including ozone depletion, global warming, smog, acidification, eutrophication, carcinogens,
non-carcinogens, respiratory effects, ecotoxicity, and fossil fuel depletion. This was partially due
to the lower loading ratio of green roofs which was assumed to be a 1:1 ratio of infiltration area
to impervious drainage area (i.e., green roofs can theoretically only infiltrate the water that falls
in the surface area of the site and are not designed to handle additional runoff from surrounding
impervious areas), causing their material and process inputs to have a higher impact per area
when compared to other sites.
The high overall negative environmental impacts produced during the GIS Green Roof
lifecycle were also influenced by the incorporation of ‘high-impact’ materials for construction of
the site such as: polypropylene-based geotextile liner, expanded clay soil aggregate, and a high
overall incorporation of plastic materials that must be treated at a sanitary landfill leading to
more negative impacts than the impacts produced by disposal at an inert landfill. In addition,
during the field-based portion of this study, green roofs were found to display the highest
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potential production rates of CH4 and CO2 gases, to have the lowest total cultural ecosystem
services score and lowest average recreational services score due to limited accessibility, and to
have the highest percent cover of non-native plants and the lowest percent cover of native plants.
Not all green roofs included in the study produced so many negative impacts. In the LCA
study, the Broccolo Garden Center Green Roof had substantially fewer negative impacts than
both the GIS Green Roof and many of the other sites. The Broccolo Garden Center roof also had
both the highest Shannon diversity score and the lowest percentage of non-native species of the
three green roof sites. Additionally, despite high measurements of potential production rates of
CH4 and CO2 and of low native plant cover at the green roof sites, results of the field study also
show the many benefits that can be provided by green roofs including carbon storage,
educational ecosystem services provisioning, and potential for greater support of native plants.
The green roof soils contained a moderate amount of carbon (C), with a %C content that was
lower than that of the vegetated swales and rain gardens, but that was higher than the %C of wet
pond, bioretention basin, and dry pond soils. The same pattern was also observed for Shannon
diversity index, with green roofs having a moderately high Shannon diversity score.
Although green roofs had the lowest percent cover of native plants due to the
incorporation of non-native sedum plants, two of the green roof sites had 0 % invasive plant
cover. Additionally, the green roof at the Golisano Institute for Technology incorporated a
section of herbaceous native pollinator-support plants, showing that although deeper sections of
soil are heavier and not always feasible for a weight-limited roof, green roofs do have the
potential to support higher percent cover of native plants, especially if designed to incorporate
deeper intensive growing sections or if low-growing native plants are planted alongside the nonnative stonecrop species typically included in extensive roof designs. When considering cultural
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ecosystem services, green roofs may not be a great option for providing recreational
opportunities due to safety concerns, but green roofs do offer a lot of interesting opportunities for
providing educational ecosystem services. Although the green roofs of this study had the lowest
total cultural ecosystem score due to their low average recreation category score, the average
education score of green roofs was the same as all other GI types except for bioretention basins
which had a slightly lower score. Finally, since green roofs had the highest potential production
rates for both CH4 and CO2, despite the usual aerobic and low greenhouse gas emission
tendencies of green roof soils, it is thought that the green roofs included in this study become
saturated often enough that methanogen communities can remain in the soils despite periods of
dryness. This problem can be solved by designing green roof sites in ways that ensure full soil
drainage and prevent standing water and lengthy periods of soil saturation.
Together, the results of the LCA and field measurements suggest that a smaller scale
green roof, for example on the roof of a home, may be a way to capture the ecosystem benefits
provided by green roofs while avoiding the negative environmental impacts associated with the
many layers of materials that are incorporated into the construction of green roofs on larger
buildings. A small tray based green roof garden has the potential to provide cultural ecosystem
services – especially in the form of educational opportunities, can be an opportunity to
incorporate a diverse selection of native plant species to provide biodiversity services, is easy to
maintain to ensure proper drainage for avoidance of CH 4 production in response to oversaturated
soils, and as the LCA shows, can be constructed in a way that incorporates low impact materials
and low impact maintenance and construction processes.
Overall, vegetated swales provided the highest levels of cultural ecosystem services, soil
C and soil N storage, and vegetation species diversity. By delaying runoff release and reducing
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total and peak stormwater runoff, vegetated swales are also very effective at regulating
stormwater management. In the LCA study, the vegetated swale sites produced relatively low
negative environmental impacts with most of those impacts occurring as a result of the
decommissioning phase. Since there is limited data regarding the decommissioning of green
infrastructure sites at the end of life, the inventory inputs for this phase were based on
hypothetical assumptions about waste removal and disposal, and therefore could be improved
even further by making lower impact decisions such as deciding to recycle a greater portion of
site materials.
Conversely, vegetated swales were measured to have the highest percent cover of
invasive plants compared to all other green infrastructure categories. Additionally, swales
produced higher greenhouse gases than some other sites with the third highest potential
production rate of CH4 and the second highest potential production rate of CO 2. However, these
problems have solutions. With regular landscaping and maintenance of the swale sites, the
presence of invasive species vegetation could be minimized and replaced with a diverse section
of native species. As recommended by McPhillips et al. (2018), greenhouse gas emissions and
nutrient leaching could be minimized by decreasing soil organic amendment additions and by
ensuring that any added organic matter has a high ratio of C:N content. All of these factors
combine to make vegetated swales one of the best all-around options when searching for a green
infrastructure site that minimizes greenhouse gas emissions while maximizing ecosystem
services.
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Appendix

Figure S1: Shannon’s diversity index (H) (mean ± SEM) for plant species at
each site are averaged by green infrastructure (GI) practice type; Mixed
Model Analysis (F5,12 = 2.1, p =.14)
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Figure S2: Percent cover (mean ± SEM) of native species (blue bars, Welch’s ANOVA: F17,46 =
59.50, p < 0.0001), non-native species (orange bars, one-way ANOVA: F17,226 = 8.99, p <
0.0001,), and invasive species (gray bars, one-way ANOVA: F17,226 = 10.24, p < .0001); species
were classified according to New York State guidelines; % cover of each species was
determined for each quadrat, averaged across each site and averaged by green infrastructure
category
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Figure S3: Percent soil moisture (mean ± SEM) calculated for
each site and averaged by green infrastructure (GI) practice type,
Mixed Model Analysis (F5,12 = 1.1, p = 0.41)
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Figure S4: Percent soil organic matter (mean ± SEM)
calculated for each site and averaged by green infrastructure
(GI) practice type, Welch’s ANOVA followed by Games
Howell post hoc (F5,21 = 3.8, p = 0.014, categories which share
letters are not significantly different)
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Figure S5: Potential production rate of CH4 gas (mean ± SEM)
measured from incubations of soils collected at n = 3 sampling
locations for each site and averaged by GI practice category,
Welch’s ANOVA (F5,21 = 1.2, p = 0.35)
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Figure S6: Potential production rate of CO2 gas (mean ± SEM)
measured from incubations of soils collected at n = 3 sampling
locations for each site and averaged by GI practice category, Welch’s
ANOVA (F5,21 = 2.1, p = 0.11)
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Figure S7: Ratio of CH4 to CO2 production potentials (mean ±
SEM) for each site and averaged by GI practice category, orange
line at 1 marks the point at which CH4 production is equal to
production of CO2, Mixed Model Analysis (F5,48 = 2.8, p = 0.027)
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Figure S8: Percent soil carbon content (mean ± SEM) calculated
for each site and averaged by green infrastructure type, Welch’s
ANOVA followed by Games Howell post hoc (F5,21 = 7.5, p =
0.0003, categories which share letters are not significantly
different)
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Figure S9: Percent soil nitrogen content (mean ± SEM) calculated
for each site and averaged by green infrastructure type, Welch’s
ANOVA followed by Games Howell post hoc (F5,22 = 7.4, p =
0.0003, categories which share letters are not significantly
different)
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Figure S10: Molar ratio of soil C:N (mean ± SEM) for each site
and averaged by GI practice category, Mixed Model Analysis (F5,12
= 0.50, p = 0.77)
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Table S1: Cultural ecosystem service scores calculated for each study site using the rubric created by Moore & Hunt
(2012)
Site Type
Broccolo Garden
Center Green Roof
GIS Green Roof
Rochester Civic Center
Green Roof
MCC East Bioretention
N-Lot Dry Pond
East River Rd. Dry
Pond
MCC West
Bioretention
Broccolo Garden
Center Rain Garden
Institute Hall Rain
Garden
Perkins Green Rain
Garden
U-Lot Bioretention
S-Lot Wet Pond
U-Lot Wet Pond
U-Lot Dry Pond
S-Lot Dry Pond
Gleason Bus Circle
Swale
Perkins Green Swale
Turning Point Park
Swale

Legal
Accessibility
Score

Physical
Accessibility
Score

Recreational
History of
Educational
Location
Total
Infrastructure
Educational Infrastructure
Score
Score
Score
Uses Score
Score

2

2

0

0

4

4

12

2

0

0

4

4

4

14

2

4

4

2

2

0

14

4
4

4
2

0
0

4
4

2
4

0
0

14
14

4

4

0

4

4

0

16

4

4

4

4

2

0

18

2

4

4

0

4

4

18

4

4

4

4

4

0

20

4

4

4

4

4

0

20

4
4
4
4
4

4
4
4
4
4

4
4
4
4
4

4
4
4
4
4

4
4
4
4
4

0
0
0
0
0

20
20
20
20
20

4

4

4

4

4

0

20

4

4

4

4

4

0

20

4

4

4

2

4

4

22
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Table S2. Results of (a) Mixed Model Analysis, (b) Welch’s ANOVA, and (c) One-way
ANOVA examining effect of green infrastructure categorization on greenhouse potential
production rates, soil organic matter and moisture categories, and vegetation response
categories; p values of ≤ 0.05 are bolded, asterisk represents p values ≤ 0.001
(a) Mixed Model Analysis (for datasets showing equal variance)
Response

Green Infrastructure Category Effect
F

p

Soil Moisture

F5,12 = 1.11

0.41

Shannon Diversity Score

F5,12 = 2.06

0.14

Soil C/N Ratio

F5,12 = 0.50

0.77

CH4/CO2 Production Ratio

F5,48 = 2.80

0.027

(b) Welch’s ANOVA (for datasets showing unequal variance)
Response

Green Infrastructure Category Effect
F

p

Soil Organic Matter

F5,21 = 3.76

0.014

CH4 Potential Production Rate

F5,21 = 1.18

0.35

CO2 Potential Production Rate

F5,21 = 2.09

0.11

Soil C

F5,22 = 7.49

0.0003*

Soil N

F5,22 = 7.43

0.0003*

% Cover of Native Plant Species

F5,65 = 37.33

< 0.0001*

% Cover of Non-Native Plant Species F5,74 = 35.75

< 0.0001*

% Cover of Invasive Plant Species

< 0.0001*

F5,80 = 9.78
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Table S3. Results of (a) Welch’s ANOVA and (b) One-Way ANOVA examining effect of
green infrastructure site on greenhouse potential production rates, soil organic matter and
moisture categories, and vegetation response categories; p values of ≤ 0.05 are bolded, asterisk
represents p values ≤ 0.001
(a) Welch’s ANOVA
Response

Individual Site Effect
F

p

Soil Moisture

F17,13 = 5.51

0.0015

Soil Organic Matter

F17,13 = 27.64

< 0.0001*

CH4 Potential Production Rate

F17,13 = 4.93

0.0031

CO2 Potential Production Rate

F17,13 = 17.19

< 0.0001*

CH4/CO2 Production Ratio

F17,13 = 39.66

< 0.0001*

Shannon Diversity Score

F17,45 = 5.90

< 0.0001*

Soil C

F17,13 = 36.29

< 0.0001*

Soil N

F17,13 = 56.52

< 0.0001*

Soil C/N ratio

F17,13 = 2.49

0.049

% Cover of Native Plant Species

F17,48 = 59.50

< 0.0001*

(b) One-Way ANOVA
Response

Individual Site Effect
F

p

% Cover of Non-Native Plant Species

F17,226 = 8.99

< 0.0001*

% Cover of Invasive Plant Species

F17,226 = 10.24

< 0.0001*

164

